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In recent years, heterogeneous photocatalytic degradation technology has 
increasingly gained interest in organic pollutants removal from aqueous solutions, due 
to the effectiveness to degrade or even completely mineralize a large range of 
recalcitrant organic compounds under the light irradiation. Hence, the development of 
efficient photocatalytic degradation water or wastewater purification systems for 
practical applications has attracted substantial research attention. However, there still 
have been various challenges to be resolved towards this target. For example, the 
photocatalytic degradation reactors are commonly operated in the slurry reactor form, 
which faces the problems such as low UV ultilization efficiency and post-treatment 
photocatalysts recover and resue. One of the solutions to these problems is to 
immobilize the photocatalyst micro- or nano-particles onto a suitable substrate 
support that can maintains or even improve the properties of the used photocatalysts 
and also make them easily be separated from the treated water after treatment. The 
use of those macro-supports as the substrate may however result in low photocatalytic 
performance, due to the limited amount of TiO2 immobilized on the substrate. Also, 
the immobilized TiO2 on larger substrates has faced some mass transfer limitations as 
compared to the suspended TiO2 particles in the reactor, due to the reduced surface 
area and greater transport distance of organic pollutants to be degraded. The 
detachment of immobilized TiO2 particles from the substrate may also be a concern 
for long periods of practical usage. 
In this study, a novel buoyant composite photocatalyst, including TiO2 
nanoparticles as the photocatalyst component, powdered activated carbon as the co-




developed to overcome all or some of the above mentioned existing problems. The 
property and performance of the prepared buoyant composite photocatalysts was 
examined especially for the removal of phenol from aqueous solutions under various 
experimental conditions. On a broad prospect, the work included the development of a 
suitable immobilization system and strategy to immobilize the selected photocatalyst 
and adsorbent components onto the polypropylene substrate to obtain the desired 
buoyant composite photocatalyst. Then, the stability and performance of the 
developed composite photocatalyst was improved. The adsorptivity and 
photocatalytic degradation activity of the developed materials were investigated in 
terms of phenol removal from aqueous solutions. Other process parameters, including 
the effect of turbidity and radical scavengers, were also examined to get a deeper 
insight of the working mechanism of the composite material and synergistic effect of 
combining the two different particles onto the same substrate, as well as the 
recyclability and regeneration performance the composite material. The study may be 
more specifically described below. 
In the first part, novel buoyant composite photocatalysts were prepared by 
thermally immobilizing titanium dioxide (TiO2) nanoparticles and powdered activated 
carbon (PAC) together onto polypropylene granules (PPGs) under properly controlled 
temperature. All of the prepared composite photocatalysts granules were in millimeter 
size and truly floating on water surface. The experimental results showed that the 
developed composite photocatalysts can have high adsorption capacity and good 
photoactivity for the removal of phenol in aqueous solutions. It was found that the 
adsorption capacity generally increased with the increase of the PAC content and the 
photocatalytic degradation performance can be satisfactorily described by a first-order 




components showed a number of unique advantages over the individual components 
and especially displayed some distinctive synergistic effect in the removal of phenol. 
The photocatalytic activity of PAC/TiO2 mixed composite photocatalysts achieved 
more than twice of the buoyant photocatalysts with TiO2 only. The PAC component 
appeared to help concentrating phenol from aqueous solutions to the vicinity around 
the TiO2 nanoparticles, which made the photocatalytic degradation process of phenol 
more efficient and being less dependent on the phenol concentration in the bulk 
solutions. The results also showed that different TiO2/PAC mass ratios induced 
different extents of the synergistic effect, as reflected by the apparent first-order rate 
constant values, and a TiO2/PAC mass ratio of 1:1 achieved better phenol removal 
performance than other ratios under the experimental conditions tested. In addition, 
the presence of PAC in the developed composite photocatalyst was found to largely 
shield the inhibition effect of chloride ions in the solutions on phenol removal. 
 In the second part, the objective was to improve the physical and photocatalytic 
degradation stability of the developed buoyant composite photocatalyst. Instead of 
immobilizing TiO2 and PAC in a powder mixture together in previous work, a two-
layered configuration of immobilizing PAC and TiO2 respectively on PPGs was 
developed. Firstly, a thermal bounding method was used to anchor PAC tightly onto 
the mildly melting surface of PPG substrate. Then, a suspension hydrothermal 
deposition method was used to load TiO2 nanoparticles onto the immobilized PAC on 
PPG substrate. The PAC layer was to act as a barrier layer between the substrate 
surface and the TiO2 layer to increase the photocatalytic degradation stability of the 
prepared composite photocatalyst, as well as to provide it with adsorptive property to 
enhance its photocatalytic efficiency. The prepared composite photocatalyst was 




or gaseous bubbling). Experiments demonstrated that the obtained composite 
photocatalyst was stable against mechanical attrition and photocatalytic degradation, 
as compared to that prepared by directly immobilizing PAC and TiO2 together in a 
mixture on PPG in the previous study. The developed buoyant composite 
photocatalysts was also found to achieve both good adsorptivity and photocatalytic 
degradation activity in the removal of phenol and the photocatalytic degradation 
performance can be satisfactorily described by the Langmuir-Hinshelwood kinetic 
model. Besides acting as an effective barrier layer, the immobilized PAC intermediate 
layer also helped concentrating phenol from the aqueous solution to the vicinity of the 
TiO2 photocatalyst and thus enhanced the photocatalytic degradation process of 
phenol. In a batch feed process, the buoyant composite photocatalyst was tested for 20 
recycles for its reusability and the results showed that the overall performance in 
photocatalytic degradation of phenol only decreased at less than 7%, indicating that 
the prepared buoyant composite photocatalyst has a great prospect for actual 
applications in the removal of organic pollutants from water or wastewater treatment. 
In the final part of this study, the focus was to gain a deeper understanding in how 
the adsorptive layer prepared in part II enhanced the photocatalytic performance of 
the composite material. Composite photocatalysts with different ratios of PAC and 
TiO2 compositions were prepared by applying a different number of solution 
depositions of TiO2 in a soak-dry-cure cycle. All the prepared composite 
photocatalysts were buoyant and their performances were evaluated from their 
efficiencies in the removal of phenol in aqueous solutions. The experimental results 
showed that the photocatalytic degradation performance of the prepared composite 
photocatalysts had a dependency on the relative ratio of TiO2 to PAC and the one with 




achieved by that had 2 soak-dry-cure cycles for TiO2 deposition. It was found that a 
single coating cycle was not enough to produce good surface coverage of the 
composite material by TiO2, whereas excess coating cycles led to over-deposition of 
TiO2, which caused more blockage of the immobilized PAC layer and thus 
significantly decreased the adsorption function of the prepared composite 
photocatalysts. In addition, the dosage of the composite photocatalysts for a 
laboratory photocatalytic reactor setup was studied. The in-situ regeneration 
capability for the PAC layer (its adsorptive capacity) by the TiO2 layer on the 
composite photocatalysts was evaluated through the repeated adsorption-light 
irradiation cycles. It was found that the adsorptive capacity of the PAC layer can be 
recovered by the photocatalytic degradation function of the composite photocatalysts, 
but extended irradiation hours may be required for better regeneration performance of 
the PAC layer, suggesting that there is a need for the proper match of the adsorption 
and regeneration capability for the composite photocatalyst to achieve sustained long-
term performance. 
In conclusion, novel buoyant composite photocatalysts with polymeric substrate 
were successfully developed for the removal of organic pollutants from aqueous 
solution. The mechanical and photocatalytic degradation stability of the developed 
composite photocatalysts can be achieved through, for example, the two-layered 
configuration immobilization method. It was found that the composite material with   
both adsorption and photocatalysis components showed a number of unique 
advantages over the individual components and especially displayed some distinctive 
synergistic effect in the removal of phenol.   The   study   also   showed   that   the   
proper combination of the adsorbent and photocatalyst components in the composite 




on  the  property  and  performance  of  the  prepared composite  photocatalyst. The 
developed buoyant composite photocatalyst was demonstrated to effectively remove 
phenol from aqueous solutions and be less sensitive to process conditions such as 
turbidity and radical scavenger. Results from the test of repeated uses of up to 20 
recycles in a batch reactor showed that the material can be in-situ regenerated and 
displayed little or only a slight decrease in the overall phenol removal performance, 
indicating that the developed material has a great potential for practical or long-term 
applications in water or wastewater treatment. 
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Chapter 1: Introduction 
1.1.  Overview  
The reuse and recycling of wastewater effluent has been recognized as a strategic 
approach towards sustainable water management around the world to meet the 
growing water demand in a water-scare environment (Ahmed et al., 2010a; Ahmed et 
al., 2011; Busca et al., 2008; Zhang et al., 2009). Due to the rapid urban and industrial 
development worldwide, increasing amounts of  chemicals  are  being  used  and  
subsequently  released  to  the  natural  environment, particularly through wastewater 
effluent discharge.  Many of those chemicals are harmful to both the environment and 
the human beings. Due to the complex and toxic nature of many of these emerging 
pollutants, they have been found not being efficiently removed in conventional 
wastewater treatment processes, remained in the secondary effluents and finally 
discharged into the receiving water body in the environment (Ahmed et al., 2010a). 
The presence of toxic organic compounds in storm water and wastewater effluent has 
been reported to be one of the major impediment to the widespread acceptance for 
water recycling (Ahmed et al., 2010b). Furthermore, the variety, toxicity and 
persistence of these chemical can directly impact the health of the eco-systems and 
present a threat to humans through the contamination of drinking water resources, 
e.g., surface and ground water (Pirkanniemi and Sillanpää, 2002). As a result, a 
challenge facing us is how to achieve efficient and cost effective removal of those 
recalcitrant pollutants from wastewater effluent to minimize their risk of pollution as 
well as enable wastewater reuse. Towards this direction, scientists and engineers have 
devoted considerable efforts in developing various new or improved purification 
methods that can effectively remove or, more preferably, destroy these recalcitrant 
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organic contaminants. Ideally, the treatment process is able  to  accomplish  complete 
mineralization  of  all  the  toxic  organic species without  producing  any  harmful 
intermediates  or by-products, and possibly being cost-effective (Chen et al., 2000b). 
However, many of the conventional or currently available treatment technologies for 
wastewater cannot meet the above requirement. Advanced wastewater treatment 
systems, such as adsorption, filtration, gas stripping, ion exchange, etc., may be used 
together with the conventional ones, for the further removal of those undesired 
residual constituents from the waste stream. However, such practice often not only 
increases system complexity but also provides only an intermediate solution to the 
problem because these phase separation techniques only transfer contaminants from 
one phase to another and the removed pollutants do not really disappear ultimately.  
Even though incineration may be used as a technique to destroy those separated 
organic pollutants completely, incineration system is expensive to construct and 
operate and it also can lead to the release of other toxic species into the air, such as 
dioxin and furan (Benestad et al., 1990). As an alternative, chemical oxidation, such 
as catalytic wet air oxidation, chlorination and ozonation, has been widely studied for 
water or wastewater treatment applications. Although chemical oxidation is effective 
in degrading many organic pollutants, some short chain organic acids have been 
found to be resistant to the chemical oxidants (Luck, 1999). Beside the process is 
expensive in operation, the oxidative chemicals  may also react  with residual 
pollutants  and form even more toxic by-products (Tang et al., 2012).  
In more recent years, Advanced Oxidation Processes (AOPs) have attracted the 
interest as the emerging and promising technology for both effective mineralization of 
recalcitrant organic pollutants and enhancement of biological treatment effluent, 
especially in dealing with highly toxic and low biodegradable wastewater (Mijangos 
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et al., 2006). AOPs usually use a strong oxidant or catalyst with a light source, 
including those processes of  H2O2/UV, O3/UV, H2O2/O3/UV TIO2/UV and vacuum 
ultraviolet (VUV), etc. AOPs rely on the in-situ generation of oxygen-based radicals, 
such as OH•, OOH•, and O2
−•, and have proven performance in the complete 
transformation of various organic carbons into CO2 and H2O. The reactive radicals are 
extremely unstable and reactive. They are non-selective oxidizing agents that can 
virtually destroy almost any organic contaminants present in water. AOPs can 
therefore destroy pollutants that are not amenable to biological treatments and are 
characterized by high chemical stability and difficulty for complete mineralization 
(Esplugas et al., 2002; Gimeno et al., 2005).  In spite of the good oxidation capacity to 
refractory organic pollutants, most AOPs have high chemical consumption and 
relatively high treatment costs, which constitutes the major barriers for their large 
scale practical applications (Martinez-Huitle and Ferro, 2006).  
Among the various AOPs, heterogeneous photocatalysis that employs 
semiconductor photocatalysts has gained increasing attention, attributed to its 
effectiveness in degrading and mineralizing the recalcitrant organic compounds at 
potentially low cost, with the possibility of utilizing the solar ultraviolet (UV) and 
visible-lights (vis) as the energy source, and without the necessity of adding 
additional chemicals. Heterogeneous photocatalysis can be described as the 
acceleration of photoreaction in the presence of a catalyst. It differs from the other 
AOPs as it employs a reusable photocatalyst, has no need for additional oxidants and 
produces no extra sludge residue (Chen et al., 2000b; Vimonses et al., 2010). The 
history of research in heterogeneous photocatalysis may be traced  back  to  many  
decades ago when  Fujishima and Honda (1972) reported the discovery of  
photochemical splitting of water into hydrogen and oxygen on titanium dioxide 
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(TiO2) electrode under ultraviolet (UV) light irradiation.  Since then, photocatalysis 
has been extensively studied for applications in various areas, especially in the fields 
of energy and environment (Tanveer and Tezcanli Guyer, 2013). Several features, 
such as ambient operating conditions, complete destruction of parents and their 
intermediate compounds, and relatively low operating cost, have promoted the 
application of heterogeneous photocatalysis to water or wastewater treatment. It has 
been found that even carbon tetrachloride which was usually considered as being 
hydroxyl radical resistant could be mineralized by heterogeneous photocatalysis 
(Hsiao et al., 1983). Among the various semiconductor photocatalysts being 
investigated, TiO2 has received the greatest interest (Chen et al., 2000b). TiO2 is one 
of the most active semiconductor photocatalysts with activation photon energy in the 
lower energy UVA wavelength range (300 nm < λ < 390 nm) and remains stable after 
repeated usages in photocatalytic cycles. Because of the low energy band, the process 
using TiO2 can be driven by solar UV or possibly even by visible light after some 





 in the wavelength range of 300–400 nm, with a typical UV ﬂux of 20–
30 W.m
-2
, suggesting that sunlight can be an economically and ecologically sensible 
light source for photocatalysis (Bahnemann, 2004; Goslich et al., 1997; Ljubas, 2005). 
Besides, the multi-faceted functional properties of TiO2, such as its chemical and 
thermal stability or resistance to chemical breakdown and its strong mechanical 
properties, have promoted its applications in photocatalytic water and wastewater 
treatment. The first clear recognition and implementation of TiO2 sensitized 
photocatalysis as a method of water decontamination may be the work conducted by 
Bard (1980), and by Pruden and Ollis (1983), in the photo-mineralization of 
halogenated hydrocarbon contaminants in water, including trichloroethylene, 
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dichloromethane, chloroform, and carbon tetrachloride. Since then, TiO2 
photocatalysis has been proven to be a process of great potential to eliminate various 
hazardous pollutants present in air and water (Nakata and Fujishima, 2012), including 
inorganic compounds (Litter, 1999) such as chromium (VI) (Aarthi and Madras, 
2008), lead, arsenic (Fostier et al., 2008) and mercury (Zhang et al., 2004), as well as 
organic compounds (Ameta et al., 2013) such as surfactants (Lin et al., 2002), 
pesticides and herbicides (Byrappa et al., 2000; Marin et al., 2011), phenolic 
compounds (Ahmed et al., 2011), humic substances (Al-Rasheed and Cardin, 2003a, 
2003b), organic dyes (Rajeshwar et al., 2008), etc.  Meanwhile, TiO2 based 
photocatalytic technologies have also been successfully demonstrated in several real 
wastewater case studies, both for municipal wastewater (Araña et al., 2002; Borges et 
al., 2013) and industrial waste streams from industries such as textile (Bandala et al., 
2008; Garcia et al., 2009), sanitary (Gibbs, 2001), and petroleum refinery (Berry and 
Mueller, 1994; Diya'uddeen et al., 2011; Malik, 2005; Nair et al., 1993).  
Unfortunately, the widespread application and commercialization of the 
technology in water and wastewater treatment has been hindered by a number of 
disadvantages, including the costly post separation need for removal and recycling of 
the TiO2 nanoparticles used from the treated effluent and the low UV light utilization 
efficiency due to the high rate of electron/hole pair recombination nature of TiO2 
(Lim et al., 2011; Ochiai and Fujishima, 2012; Shan et al., 2010). TiO2 photocatalysts 
are traditionally produced in the form of fine particles, and applied directly into the 
solution to be treated, forming a slurry system. Especially, with the development of 
nano-technology, TiO2 photocatalysts are produced in nanoparticle sizes to provide 
much higher reaction surface area and hence greatly enhance the photocatalytic 
activity towards the decontamination of pollutants. However, this has presented a 
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post-separation problem of the used TiO2 nanoparticles. Even though the nano-sized 
TiO2 is efficient in photocatalytic reaction, the high cost to separate those 
nanoparticles from the treated effluents has limited the application prospect in 
engineering practice.  To solve this problem, TiO2 nanoparticles have been 
immobilized onto various other larger solid substrates, such as ceramics 
(Teekateerawej et al., 2006), glass microspheres (Balasubramanian et al., 2003; 
Koopman, 2007), stainless steel plates (Balasubramanian et al., 2003; Chen and 
Dionysiou, 2006), plastics (Cho and Choi, 2001; Han and Bai, 2009, 2010; Magalhães 
and Lago, 2009) , etc. Among the various supported TiO2 photocatalytic processes, 
buoyant composite photocatalysts can be used as a solution to achieve high light 
utilization efficiency as well as low post separation cost (Han and Bai, 2009). The 
floating photocatalysts were prepared by immobilizing TiO2 particles onto substrates 
of lower density than water, such as hollow glass microsphere (Koopman, 2007; 
Portjanskaja et al., 2004; Rosenberg et al., 1992), polyethylene sheets (Naskar et al., 
1998), polystyrene foam beads (Fabiyi and Skelton, 2000; Magalhães and Lago, 
2009), polypropylene granules (Han and Bai, 2009), and polypropylene fabrics (Han 
and Bai, 2010, 2011). Buoyant photocatalysts can float naturally on water surface and 
thus achieve greater light utilization efficiency because photocatalytic degradation 
process takes place at the water/air interface and light attenuation is lower in air than 
that in water (Fabiyi and Skelton, 2000; Han and Bai, 2009). Also, enhanced 
oxygenation of the photocatalysts can be achieved at the water/air interface due to the 
higher oxygen content than that in water. Meanwhile, buoyant photocatalysts can be 
easily separated from the water body, eliminating the post treatment problem 
commonly encountered. However, a major problem associated with the practice of 
immobilizing TiO2 on larger substrates is often the lower efficiency than that in the 
   Chapter 1 
7 
 
slurry type reactors, due to the reduced amount of photocatalyst surface area to light 
for reaction, increased mass-transfer limitation in the process, and the lack of long-
term durability of the coated layer of TiO2 (Choi, 2006).  
One of the possible ways to increase the photocatalytic degradation process 
efficiency was to introduce an inert co-adsorbent, such as silica (Choi, 2006; Kim et 
al., 2005), alumina (Ding et al., 2001; Lei et al., 1999), zeolites (Xu and Langford, 
1995), clays (Balasubramanian et al., 2004), or activated carbon (Foo and Hameed, 
2010; Leary and Westwood, 2011; Lim et al., 2011) into the photocatalysis system, 
either by physical mixing the adsorbent and the photocatalyst together or supporting 
the photocatalyst onto the adsorbent (Hoffmann et al., 1995). Generally, the removal 
of organic compounds from aqueous solution may involve at least two major steps: 
the mass transfer of organic compounds from the bulk solution to the vicinity or 
surface of the photocatalyst particles, followed by the subsequent photocatalytic 
degradation of the transferred compounds. The overall performance is therefore 
dependent on both the mass transfer efficiency and the photocatalytic degradation 
kinetics. Hence, it is logical to expect that the rate of degradation of the organic 
pollutants will be a function of the adsorbed content from the solution, and the co-
adsorbent can provide more substances to be degraded to the photocatalyst 
component. Furthermore,   organic   pollutants   in water or wastewater may occur   in 
relatively low concentrations (ppm level or below) and pre-concentration of the 
pollutants onto the surface where photons are adsorbed is desirable for effective 
photocatalytic degradation. The co-adsorbent component can usually provide more 
effective adsorption of the pollutants than the TiO2 photocatalyst itself (Anderson and 
Bard, 1995; Takeda et al., 1995), and hence effectively concentrate the free organic 
molecules in the bulk solution towards the active sites of the photocatalysts and thus 
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incur better degradation performances (Yoneyama and Torimoto, 2000). For example, 
TiO2 and AC combinations were studied for the degradation of a wide spectrum of 
persistent organic pollutants, including humics (Xue et al., 2011), phenolic  
compounds (Carpio et al., 2005; Matos et al., 2001; Tryba et al., 2003), pesticides 
(Kim et al., 2008), chlorinated compounds and dyes (Xue et al., 2011). Matos and co-
workers demonstrated the use of different activated carbon and titania combinations 
for the photocatalytic degradation of aqueous organic pollutants, and showed that the 
addition of activated carbon to titania slurry under UV irradiation induced a beneficial 
effect on the photocatalytic degradation efficiency, in terms of the kinetics of 
pollutant disappearance (Matos et al., 1999; Matos et al., 1998; Matos et al., 2001). 
Therefore, it may be desirable to develop novel photocatalysts supported on some 
high surface area substrate with appropriate physical properties, (such as easily 
recovered, high light utilization efficient, and mechanically strong enough to sustain 
long-term usages, etc.), and adsorptive property for enhanced photocatalytic 
degradation efficiency.  
Moreover,  a number of studies have demonstrated that solution components, such 
as calcium, magnesium, iron, zinc, copper, bicarbonate, phosphate, nitrate, sulphate, 
chloride, and dissolved organic matters, etc.,  can affect the photocatalytic 
degradation rate of organic pollutants in the solution since these components can be 
adsorbed onto the surface of photocatalyst, for instance, TiO2 (Ahmed et al., 2010a; 
Ahmed et al., 2011; Ahmed et al., 2010b).  The inhabitation effect of metal ions may 
be  attributed to the suppression of the production of hydroxyl radicals, due to the 
trapping of the  conduction band electrons by the adsorbed metal ions (Aarthi and 
Madras, 2006). The inhabitation effect of anions, on the other side, can be attributed 
to the reaction of the positive holes on and hydroxyl radicals from the photocatalyst 
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with the anions that behave as the radical scavengers, resulting in slow organic 
degradation (Parent et al., 1996; Wu et al., 2009; Wu et al., 2010). A major drawback 
from the high reactivity and non-selectivity of the radicals is that they also react with 
non-targeted compounds present in the background water matrix. This results in a 
higher radical demand to accomplish the desired degree of organic pollutant 
degradation (Ahmed et al., 2011). However, the avoidance of those inorganic salts in 
the solution is difficult if not impossible, especially when heterogeneous photocatalyst 
technology is used to treat industrial wastewater. In spite of this, some adsorbents, 
such as  activated carbon, can effectively absorb organic pollutants in water, and its 
adsorption performance is not greatly affected by the presence of inorganic salts in the 
solution (Vaccaro, 1971) . Hence, it may be hypothesized that the approach of 
combination of photocatalyst and adsorbent could also help reduce the inhabitation 
effect of inorganic ions in the solution on the photocatalytic degradation of the 
organic pollutants. This may be achieved in several ways. Firstly, the effective 
adsorbent can concentrate and thus increase the amount of organic pollutants around 
the photocatalysts, hence increasing the competitiveness of organic pollutants to be 
degraded over the inorganic ions for photoactive sites.  Secondly, the higher organic 
content around the photocatalysts may lead to higher chance of reacting with the 
positive holes and radicals formed, which reduces the possibility of radicals 
quenching by the inorganic anions.  However, to the extent of our knowledge, the 
shielding effect of inorganic ions by the photocatalyst-adsorbent combination system 
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1.2.  Research objectives and scopes  
Based on the previous overview, it is clear that the TiO2-based heterogeneous 
photocatalysis has a great potential in the decontamination of organic pollutants for 
water and wastewater treatment applications. However, there are also challenges or 
difficulties to be solved in the development of economically feasible and efficient 
photocatalysis processes for practical engineering adoption. Therefore, the overall 
objective of this research project is to develop a desired composite photocatalyst with 
both the adsorption and photocatalytic degradation components on a relatively cheap 
substrate that incurs the composite with buoyant property. This is to be achieved by 
immobilizing TiO2 photocatalyst nanoparticles and powdered activated carbon (PAC) 
microparticles onto polypropylene granules (PPG). Appropriate immobilization 
conditions for TiO2 and PAC at different ratios on PPG, degradation kinetic of phenol 
and the effect of some process operation parameters will be studied in details. The 
research will try to fill some of the knowledge gap on the synergistic effect of 
combining and immobilizing adsorbent and photocatalyst components together on the 
same substrate. Phenol was selected as the target pollutant in this study because 
phenol and its derivatives are one of the commonly encountered organic pollutants in 
many types of the industrial effluents that have caused severe environmental problems, 
and also phenol degradation is one of the research focus areas in our research group. 
The specific scopes of the study are listed below: 
(a) To develop a novel buoyant composite photocatalyst that has both adsorption 
and photocatalytic degradation functions, and can be used on water surface and easily 
separated from treated water. This will be done by immobilizing P25 TiO2 
nanoparticles and PAC microparticles on PPG substrate.  
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(b) To evaluate the adsorptivity and photocatalytic degradation activity of the 
prepared buoyant composite photocatalyst and the synergistic effect of the adsorbent 
and photocatalyst components on the prepared composite materials. To understand 
and study the impact of some operational factors that may affect the performance of 
prepared buoyant composite photocatalysts, including the effect of P25: PAC ratio, 
dosage, solution pH, inorganic salts, solution turbidity, etc.   
(c) To investigate the role of the added PAC in the prepared buoyant composite 
photocatalyst and examine its performance improvement, including mechanical 
stability, photocatalytic degradation stability, synergistic effect, and inhibitory effect 
towards the presence of inorganic ions and radical scavengers.   
(d) To assess the performance in phenol removal and the recyclability and in-situ 
regeneration capability of the prepared buoyant composite photocatalyst for its 
potential long-term usage.  
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1.3.  Organization of thesis 
Chapter 1 gives a brief overview of the area of research interest for this project, 
including the background, progress and challenges, and defines the specific research 
objectives and the scopes of the research project.  
Chapter 2 provides a more detailed and comprehensive review on the related 
subjects, including the principle of heterogeneous photocatalysis, the effect of 
operation parameters, the kinetics and mechanisms of TiO2 photocatalysis, the various 
supporting substrates and immobilization techniques, and the role of co-adsorbent 
with photocatalyst in the photocatalytic performance. The review is trying to outline 
the current state of the arts in the relevant area of interest to this study, as well as the 
challenges or gaps that are faced. 
Chapter 3 presents the development of buoyant composite photocatalysts with 
Degussa P25 TiO2 nanoparticle as photocatalyst component (P25) and activated 
carbon fine powder particles (PAC) as adsorbent component on polypropylene 
granules (PPGs), via a thermal bonding process.  The performances of the obtained 
composite photocatalysts were evaluated according to their phenol removal 
efficiencies and degradation kinetics. The synergistic effect between the adsorbent 
component and photocatalyst component in the composite photocatalysts on the 
degradation kinetics, as well as the effects of experimental conditions, including the 
saline concentration on phenol removal, is also discussed. 
In chapter 4, an improved method of preparing buoyant composite photocatalysts 
with enhanced mechanical and photocatalytic degradation stabilities is presented. The 
new development involved in a two-layered configuration for the immobilization of 
PAC and P25 on the PPG substrate. Firstly, the thermal bonding method was used to 
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anchor PAC tightly onto the mildly melting surface of PPG substrate. Then, a 
suspension hydrothermal deposition method was used to load P25 nanoparticles onto 
the immobilized PAC on the PPG substrate. The PAC layer was to act as a barrier 
layer between the substrate surface and the P25 layer to increase the photocatalytic 
degradation stability of the prepared composite photocatalysts, and at the same time, 
to provide the composite photocatalyst with adsorptive property to enhance its 
catalytic efficiency. Experiments were carried out to examine how the two-layered 
configuration approach enhanced the structural and photocatalytic stabilities and 
improved the photocatalytic degradation performance of the developed buoyant 
composite photocatalysts. The prepared buoyant composite photocatalyst was also 
tested in a batch feed process for 20 repeated cycles to exam its recyclability.  
In chapter 5, the performance of the prepared buoyant composite photocatalyst 
from the two-layered configuration approach was examined in more details. Buoyant 
composite photocatalysts of different compositions (i.e., P25 and PAC ratios) were 
prepared by varying the loading and curing cycles of P25 up to 6 times, and the 
obtained composite photocatalysts were examined for their phenol degradation 
performances, in terms of the modified Langmuir-Hinshelwood kinetic model study. 
The effect of in-situ regeneration of the PAC layer by the immobilized TiO2 on the 
composite photocatalyst was also further examined with repeated batch feed processes 
at different irradiation durations.  
Chapter 6 finally concludes the research project with its findings and makes some 
recommendations for possible future study and improvement. 
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Chapter 2: Literature Review 
2.1.  Heterogeneous photocatalysis 
Heterogeneous photocatalysis, according to the definition by International Union 
of Pure and Applied Chemistry (IUPAC), refers to “the change in the rate of a 
chemical reaction or its initiation under the action of ultraviolet, visible, or infrared 
radiation in the presence of a substance, the photocatalyst, that absorbs light and is 
involved in the chemical transformation of the reaction partners” (Braslavsky et al., 
2011).  The initial interest in the heterogeneous photocatalysis may be traced back to 
1972 when Fujishima and Honda discovered the photocatalytic splitting of water on 
TiO2 electrodes (Fujishima and Honda, 1972). Since then, extensive research on 
semiconductor photocatalysis has been carried out for the removal of various organic 
and inorganic pollutants from air or water medium.   
2.1.1.  Principle of heterogeneous photocatalysis 
The  term  “photocatalysis” refers to the combination  of  photochemistry  and  
catalysis  which indicates that light and catalyst are necessary to bring about or 
accelerate a chemical transformation (Chen et al., 2000b). The catalysts used are 
usually semiconductors that can act as catalysts due to their specific electronic 
structure characterized by a filled valence band and an empty conduction band (Fox 
and Dulay, 1993). A heterogeneous photocatalytic system is commonly related to 
solid semiconductor photocatalysts that are in close contact with a liquid or gaseous 
medium in which photocatalysis reaction takes place. Exposing the catalyst to light 
generates reactive species that are able to initiate sequential reactions, such as redox 




photocatalysts absorbing photons with sufficient energy, i.e., equal to or higher than 
the band-gap energy (Ebg) of the photocatalysts. The absorption of light energy leads 
to a charge separation due to the promotion of an electron (e
‾
) from the valence band 
(VB) of the semiconductor to the conduction band (CB), thus generating a positive 
hole (h
+
) in the valance band. A simplified schematic diagram of photocatalytic 
process initiated by photon action on the semiconductor is presented in Figure 2-1, 
and can be represented by eq. (2-1) (Gaya and Abdullah, 2008): 
 
Figure 2-1: Simplified schematic diagram of heterogeneous photocatalytic process 
𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
ℎ𝑣>𝐸𝑏𝑔
→      𝑒− + ℎ+  
(2-1) 
In electrically conducting materials, e.g., metals, the produced charge carriers are 
immediately recombined. But in semiconductors, a portion of this photo-excited 
electron-hole pairs diffuse to the surface of catalysts and participate in the chemical 
reaction. The positive hole (h
+
) can oxidize adsorbed donor molecules (such as H2O in 
Figure 2-1) whereas the electron in conduction band (e
‾
) can reduce the adsorbed 
electron acceptor molecules (such as O2 in Figure 2-1). A characteristic feature of 
semiconducting metal oxides is the strong oxidation power of their holes (h
+
). They 
can react in a one-electron oxidation step with surface-adsorbed water to produce the 




very powerful oxidants that can be used to oxidize most organic contaminants. 
Moreover, superoxide ions (O2•‾), produced from conduction band electron and 
oxygen, are also highly reactive, which are also able to oxidize organic materials. 
Some other advantages of heterogeneous photocatalysis include: (1) photocatalytic 
reaction takes place at room or moderate ambient temperature; (2) organic pollutants 
can be completely mineralized to non-toxic substances such as CO2, H2O and mineral 
acids; (3) The possibility of being activated by solar light irradiation could result in 
low energy cost for practical applications; and (4) the photocatalysts are inexpensive 
and can be supported on various supporting substrates, allowing their recycling and 





2.1.2.  TiO2 photocatalysis: mechanisms and kinetics 
An ideal photocatalyst for photocatalytic oxidation is characterized by the 
following attributes: (1) photo-stability, (2) chemically and biologically inert nature 
and (3) availability and low cost (Bhatkhande et al., 2002; Carp et al., 2004; Gaya and 
Abdullah, 2008). Many chalcogenide semiconductors such as TiO2, ZnO, ZrO2, CdS, 
MoS2, Fe2O3 and WO3 have been examined and used as photocatalysts for the 
degradation of organic contaminants. Among these metal oxide semiconductors, TiO2 
nanoparticles have proven to be the most promising one, with reported advantages of 
low cost, non-toxicity, greatly enhanced surface area, tunable properties that can be 
modified by size reduction, doping, or sensitizer, no substantial loss of photocatalytic 
activity after repeated process cycles, enhanced photo-induced charge transport, and 
no depletion layer formation on the surface, etc. (Shan et al., 2010).  
TiO2 is one of the basic materials in everyday life. It has been widely used as 
white pigment in paints, cosmetics and foodstuffs. TiO2 exists in three crystalline 
modifications: rutile, anatase, and brookite. Anatase type TiO2 has a crystalline 
structure that corresponds to the tetragonal system with di-pyramidal habit. Anatase 
type TiO2 is commonly recognized as the photoactive phase and mainly used as a 
photocatalyst under UV irradiation. Rutile type TiO2 also has a tetragonal crystal 
structure, but with prismatic habit. Rutile type TiO2 is commonly known as a low-
active or, in some cases, non-active photocatalyst. Hence this type of titania is mainly 
used as white pigment in paint (Collins-Martinez et al., 2007). Brookite type TiO2 has 
an orthorhombic crystalline structure, and is a relatively newcomer to the titania 
family. It has long been empirically observed that mixed-phase preparation of TiO2, 




al., 1995). The best known example is Degussa P25, that consists of about 70-80% 
anatase and the remaining mainly rutile, with a trace amount of  brookite and 
amorphous phase, and has set the standard for photocatalytic activity (Mills and Le 
Hunte, 1997).  
The ability to decontaminate pollutants comes from the redox environment 
generated from photo-activation of TiO2 after UV irradiation. The mechanism of the 
photocatalytic reaction on irradiated TiO2 has been intensively studied and well 
understood. A summary of the general process is shown in Table 2-1. The 
photocatalytic process by TiO2 begins by the absorption of UV light with energy 
equal to or higher than the band gap energy of 3.2eV for anatase or 3.0eV for rutile on 
the TiO2 surface (eq. (2-2), Table 2-1). It must be noted that although both anatase 
and rutile type TiO2 absorb UV light, rutile type TiO2 can also absorb light that is 
nearer to the visible light. However, anatase type TiO2 exhibits higher photocatalytic 
activity than rutile type TiO2 due to its conduction band position that shows stronger 
reducing power, as compared to that of rutile type TiO2. 
Table 2-1: The general mechanism of the photocatalytic reaction process on 
irradiated TiO2 
Process Description Reaction 
1
. 
Absorption of efficient photons (hv ≥ 
EG=3.2eV) by TiO2 
TiO2 + hv  h
+
 + e‾ (2-2) 
2
. 
Oxygen ion sorption O2 + e‾  O2•‾ (2-3) 
3
. 
Neutralization of OH‾ groups by photo-
holes which produces •OH radicals 
H2O + h
+
  H+ + OH• 
(H2O H
+




Oxidation of the organic reactant via 
successive attacks by OH• radicals 
R + OH•  R’•+ H2O (2-5) 
5
. 














Electron-hole Recombination e‾+h+  heat (2-7) 
 
These energized holes and electrons can either recombine and dissipate the 
absorbed energy as heat (eq. (2-7), Table 2-1) or be available for use in the redox 
reactions (eqs.(2-3)–(2-6), Table 2-1). The solid side at the semiconductor/liquid 
junction creates an electrical ﬁeld that separates the energized holes/electrons pairs 
that fail to recombine, allowing the holes to migrate to the illuminated part of the TiO2 
and the electrons to migrate to the unlit part of TiO2 particle surface (Heller, 1981). 
Then, the redox reaction takes place. The electrons (e
-
) will react with electron 
acceptors (eq. (2-3), Table 2-1) and the energized holes (h
+
)  will react with electron 
donor (eq. (2-4), Table 2-1) that adsorbed on or nearby the semiconductor (Bard, 
1979).  
It is well-known that the surface of TiO2 is readily hydroxylated when it contacts 
with water. Both dissociated and molecular water are bonded to the surface of TiO2. 
Surface coverage of 7-10 OH‾/nm2 at room temperature was reported in literature 
(Suda and Morimoto, 1987; Takahashi and Yui, 2009). On the other hand, researchers 
have shown that direct reaction between the organics and the valence holes (eq. (2-6), 
Table 2-1) is not significant (Chen et al., 2000b). Experiments conducted in water-
free, aerated organic solvents have shown that only partial oxidation can be achieved. 
However, complete mineralization was observed in aqueous solutions (Matthews, 
1984). Hence, it is generally accepted that hydroxyl radicals are the main responsible 
oxidizing agent in TiO2 photocatalytic degradation process (Chen et al., 2000b; Folli 
et al.). Hydroxyl radical is a very reactive species with an unpaired electron. It has a 




oxidize almost all organic pollutants in wastewater by hydrogen abstraction 
(Hoffmann et al., 1995). The four types of OH• attacks have been summarized in 
Table 2-2, as proposed by Turchi and Ollis (1990) (Turchi and Ollis, 1990). 
Table 2-2: Hydroxyl radical attacks of organic compounds in photocatalytic 
degradation process 
Process Description Reaction 
(a) Reaction occurs while both species are 
adsorbed 
OHads• + R1,ads  R2,ads• (2-8) 
(b) A non-bound radical reacts with an 
adsorbed organic species 
OH• + R1,ads  R2,ads• (2-9) 
(c) An  adsorbed  radical  reacts  with  a  free  
organic  species  arriving  at  the catalyst 
surface 
OHads• + R1  R2• (2-10) 
(d) Reaction occurs between 2 free species in 
the bulk solution 
OH• + R1  R2• (2-11) 
 
Photogenerated electrons must be reacted so as to avoid a continuous charge 
build-up in catalyst particles. At steady state, the rate of h
+
 consumption must be 
equal to the rate of electron consumption. When there is an electron accumulation in 




 will be increased. Therefore, electron 
scavengers or acceptors must be present in the photocatalytic process. Oxygen is the 
commonly used electron acceptor as it is available at little or no cost. It reacts with 
CB electrons at the catalyst surface to form superoxide radical anions (eq.(2-3), Table 
2-1) and participate in the degradation process through the following reactions by 
forming highly reactive hydroxyl radicals (Jaeger and Bard, 1979): 
H
+
 + O2•‾  OOH• (2-12) 




2 OOH• H2O2 + O2 (2-14) 
H
+
 + HO2‾  H2O2 (2-15) 
H2O2 + OOH• OH• + H2O + O2 (2-16) 
H2O2
ℎ𝑣
→ OH •  (2-17) 
H2O2 + O2•‾  OH• + OH‾ + O2 (2-18) 
H2O2 + e‾  OH• + OH‾ (2-19) 
  
The kinetics of photocatalytic degradation of organic compounds on TiO2 usually 
follows the Langmuir-Hinshelwood model (LH model) (Gaya and Abdullah, 2008; Li 
et al., 2006; Rajeshwar et al., 2008). According to the recommendations from IUPAC, 
LH is a mechanism for surface catalysis in which the reaction occurs between species 
that are adsorbed on the surface (McNaught, 1997). The LH model only considers the 
macro-scale reaction on the catalysts surfaces, but not the micro-structure on the 
catalysts surfaces. In this model, the rate of reaction (r) is proportional to the fraction 
of surface covered by the reactant (θ).  
𝑟 =  −
𝑑𝐶
𝑑𝑡
 =  𝑘𝑟𝜃 
(2-20) 
where kr is the true rate constant that takes into account of several parameters such 
as the catalyst’s mass, efficient photon flow, and O2 layer, etc. (Fernández et al., 1995; 
Valente et al., 2006), and C is the bulk solution concentration of the reactant at time t.  










where K is the adsorption equilibrium constant of the Langmuir model. In 
photocatalytic studies, the value of K is obtained empirically through a kinetic study 
in the presence of light, being reported to be better than that obtained under the dark 
condition (Valente et al., 2006). 










When the solution is highly dilute, the term KC may become <<1, eq. (2-22) can 




= 𝑘𝑟𝐾𝐶 =  𝑘𝑎𝑝𝑝𝐶 
(2-23) 
 
where kapp=krK is the apparent rate constant of a pseudo first order reaction.  The 




)  =  𝑘𝑎𝑝𝑝𝑡                                   
(2-24) 
 
where C0 is the reactant bulk solution concentration at UV irradiation time t=0, 
eq. (2-24) indicates that ln(C0/C) versus t would show a straight line. By plotting 
ln(C0/C) versus t, one may estimate the apparent rate constant (kapp) from the slope of 
the straight line obtained. 
Photocatalytic degradation is assumed to occur on the basis of adsorption, and so 
it can be expected that the degradation  reaction  is  predominantly  between  the  




pathways  may  exist (Keane et al., 2011; Li et al., 2006).  It is therefore reasonable to 
postulate that photocatalytic degradation follows a modified LH model, where the 
oxidation of intermediates competes with that of adsorbed primary substance, such as 




= 𝑘𝑝,2𝜃𝑂𝐻 × 𝜃  
(2-25) 
 
where, kp,2 is a second-order surface rate constant in terms of the primary 
substance concentration,  θOH is the fractional site coverage by hydroxyl radicals 
(•OH), and θ is the fraction of sites covered by the reactant i at any time t. Owing to 
the fact that water is often the solvent i.e. H2O and OH‾ are in large abundance and 
the oxygen partial pressure remains the same in a given experiment, the fractional site 
coverage by •OH radicals remains constant, and 𝑘𝑝,2𝜃𝑂𝐻  would be constant. 
Combining eq. (2-25) with eq. (2-20), kr, the rate constant of the primary substance 
can be expressed as: 
𝑘𝑟 = 𝑘𝑝,2𝜃𝑂𝐻 (2-26) 
On the other hand, the fractional site coverage by the primary substance (θ) can be 
expressed by Langmuir law as: 
𝜃 =
𝐾𝐶𝐶




where, KC is the adsorption equilibrium constant for the primary substance, and Ki 
refers to the adsorption equilibrium constants for the various degradation intermediate 




present in the reacting mixture are effectively equal, i.e., Ki=KC. Based on the 
photocatalytic degradation mechanism and mass balance, 𝐶 + Σ𝑖[𝐼𝑖] would be equal 
the initial concentration of the primary susbstance (C0), then this assumption can be 
written as:  
𝐾𝐶𝐶 + Σ𝑖𝐾𝑖[𝐼𝑖] = 𝐾𝐶(𝐶 + Σ𝑖[𝐼𝑖]) =  𝐾𝐶𝐶0  (2-28) 
 




















The values of the adsorption equilibrium constant KC, and the rate constant kr 
were obtained by the linear regression of the  1/kapp versus C0 plot , and calculated by 





2.1.3.  Effect of operation parameters 
(a). Initial concentration of organic compounds 
The influence of initial concentration of organic compounds on photocatalytic 
degradation rate has been extensively studied (Augugliaro et al., 1991; Chen and 
Chou, 1993; D'Oliveira et al., 1990; Mills and Morris, 1993). It is believed that 
adsorption of organic compounds onto the catalyst surface affects the reaction, and 
usually a high adsorption capacity favors the reaction. For most of the organic 
pollutants, their adsorption capacities on TiO2 catalysts are well described by the 
Langmuir-type equation (eq. (2-28)). It means that at high initial concentration all 
accessible catalytic sites are occupied (Chen et al., 2000b). A further increase in 
pollutant concentration will not increase the pollutant concentration at the catalyst 
surface. In photocatalytic processes, generation and migration of the photogenerated 
electron-hole pair (eq. (2-2), Table 2-1), and the reaction between surface-adsorbed 
organic pollutant and the photogenerated hole, or hydroxyl radical (eq. (2-5) and eq. 
(2-6), Table 2-1) are two processes in series. Hence, either of the two steps may 
become the rate determining factor for the entire process. At low organic 
concentration, the surface coverage of the photocatalysts by organic pollutants is low; 
and so second step may dominant the process, which leads to the degradation rate 
increasing linearly with the organic concentration. On the contrary, the 
photogeneration of the electron-hole pairs may be limited; and thus the former step, 
can become the governing step due to the limited adsorption sites occupied by water 
or oxygen molecules (Wang et al., 1992). Hence, the degradation rate increases 
slowly with the pollutant concentration, and even a constant degradation rate may be 




(b). Photocatalysts dosage 
The rate of photocatalytic reaction is strongly influenced by the concentration of 
the photocatalyst as well. Several studies have indicated that the photocatalytic rate 
initially increases with catalyst loading and then decreases at high loading values. 
Most commonly, a slurry with 0.1~0.2 wt.% TiO2 is used (Gaya and Abdullah, 2008). 
Although the number of active sites in solution will increase with increasing the 
photocatalyst loading, a point appears to be reached where light penetration efficiency 
is compromised because of excessive catalyst particle concentration. The tradeoff 
between these two opposing effects results in the need of an optimal photocatalyst 
loading to be used.  The optimal loading concentration range may depend on the 
reactor geometry, intensity of radiation source, and the properties of TiO2 such as 
particle size, phase composite and impurities (Ahmed et al., 2011). Increasing the 
photocatalysts concentration beyond the optimal range may result in reduced photon 
flux caused by light scattering and screening effects of the particles on the light. The 
tendency towards agglomeration also increases at high photocatalyst particle 
concentrations, resulting in a reduction in effective surface area available for 
photocatalytic reaction (Ahmed, 2011).  
When TiO2 photocatalysts is immobilized on supports, there exists an optimal 
thickness for the catalyst film. Obviously, photocatalytic reaction rate reaches a 
saturation value as the catalysts layer thickness increases. However, if the film is too 
thick, the strength of the catalyst adhesion is often poor and the film may likely be 
detached from its support. Photocatalyst film with less than 6 µm thickness was 
widely accepted in the laboratory studies (Fernández et al., 1995; Naskar et al., 1998), 




absorbed by the catalyst film with a thickness of 4.8 µm of the P25 TiO2 nanoparticles 
(Chen et al., 2000a).  
(c). Light intensity 
The incident light intensity determines the photogenerated electron/hole pair 
contents and thus the hydroxyl radical formation rate.  The nature or form of the light 
does not affect the reaction pathway (Carp et al., 2004). In other words, the band-gap 
sensitization mechanism does not affect the photocatalytic degradation. At sufficiently 
low level of illumination, degradation is of first order intensity. At higher intensity 
level, on the other hand, the reaction rate increases with the square root of intensity 
because of the increases of the electron/hole pair recombination during their migration 
to the catalyst particle surface (Chen and Ray, 1999). As a consequence, strong light 
may be detrimental to the photocatalysts process as it results in the decrease in 
quantum efficiency. The optimal light power utilization should be in the domain 
where degradation rate is proportional to the incident light intensity (Al-Sayyed et al., 
1991). The transition points between these regimes, however, will vary with the 
photo-system (Ahmed et al., 2010b).   
(d). Solution pH 
Organic compounds in water or wastewater differ greatly in several parameters, 
particularly in their speciation behavior, solubility in water and hydrophobicity. While 
some compounds are uncharged at common pH conditions typical of natural water or 
wastewater, other compounds exhibit a wide variation in speciation (or charge) and 
physico-chemical properties. At a pH below its pKa value, an organic compound 
exists as a neutral species. Above this pKa value, an organic compound attains a 




forms in aqueous solution. This variation can also significantly influence their 
photocatalytic degradation behavior. The pH of an aquatic environment plays an 
important role in the photocatalytic degradation of organic contaminants. 
Theoretically, pH value of the solution has strong influence on the surface charge of 
the solid catalysts particles, the size of the aggregates formed and the band-gap 
energies of the conductance and valence bands (Singh et al., 2007). The surface 
charge of a photocatalyst and ionization or speciation (pKa) of an organic pollutant 
can be profoundly affected by the solution pH. Electrostatic interaction between 
semiconductor surface, solvent molecules, organic substance and charged radicals 
formed during photocatalytic oxidation is strongly dependent on the pH of the 
solution. In addition, protonation and deprotonation of the organic pollutants can take 
place depending on the solution pH. Sometimes protonated products are more stable 
under UV-radiation than their main structures. Therefore the pH of the solution can 
play a key role in the adsorption and photocatalytic oxidation of pollutants. The 
ionization state of the surface of the photocatalyst can also be protonated and 
deprotonated under acidic and alkaline conditions respectively as shown in the 
following reactions: 
pH<Pzc: 𝑇𝑖𝑂𝐻 + 𝐻+ → 𝑇𝑖𝑂𝐻2
+ (2-32) 
pH>Pzc: 𝑇𝑖𝑂𝐻 + 𝑂𝐻− → 𝑇𝑖𝑂− +𝐻2𝑂 (2-33) 
  
The point of zero charge (Pzc) of the TiO2 Degussa P25 is widely accepted at 
pH ∼ 6.25 (Ahmed, 2011). While under acidic conditions, the positive charge of the 
TiO2 surface increases as the pH decreases (eq. (2-32)); and above pH 6.25, the 
negative charge at the TiO2 surface increases with increasing pH. In the literature, the 




rates for various photocatalytic processes have been reported at both low and high pH 
values and no general conclusion have been obtained till now (Ochiai and Fujishima, 
2012). Typically, reaction rate varies by less than one order of magnitude from one 
end of the pH range to the other (Fox and Dulay, 1993).   
 (e).Solution matrix 
The amount of UV absorption is influenced by water transmittance over the 
spectral UV range of interest. Some common constituents that affect water 
transmittance are suspended solids, dissolved organic matter, nitrate and ferrous/ferric 
ions. The presence of these components in water can affect adversely the degradation 
rates of contaminants. Inorganic anions, such as phosphate, sulphate, nitrate, and 
chloride, have been reported to limit the photocatalytic degradation performance 
(Calza and Pelizzetti, 2001; Chen et al., 1997; Minero et al., 2000). The main 
inhibition from these anions is attributed to their adsorption on the surface of TiO2. 
Bicarbonate in particular is detrimental to reactor performance as it acts as a hydroxyl 
radical scavenger (Calza and Pelizzetti, 2001). Long time experience with 
photocatalytic oxidation systems showed that humic substances in contaminated water 
can strongly adsorb TiO2 particles and reduce their activity toward the target pollutant 
substances (Liu et al., 2013). The observed retardations of humic acids have been  
related to the inhibition due to chemical adsorption onto the photocatalysts (surface 
deactivation), competition of active sites on and light attenuation effects (Epling and 
Lin, 2002). Moreover, the presence of humic acid in the reaction mixture has been 
reported to significantly reduce light transmission, and therefore the photocatalytic 




the TiO2 surface, leading to a decrease in the overall organic removal efficiency 
(Schmelling et al., 1997).  
Reduction in photocatalytic oxidation reaction rate can also be expected in turbid 
water due to the shielding (absorption, scattering and/or blocking) of the incident UV 
light. Giri et al. (2010) investigated the UV shielding effect of 3 different inorganic 
solids, namely kaolin, bentonite and silica gel, on photocatalytic oxidation of 2,4-
dichlorophenoxyacetic acid (2,4-D) in water using TiO2 fiber. They found that the 
largest UV shielding effect was observed at 0.5 g.L
-1
 silica gel, but the effect 
weakened considerably at 1.0 g.L
-1
 concentration, due to entrapment of solid particles 
to jagged TiO2 surface and/or their settlement. 
(f). Oxidants/electron acceptor 
The electron/hole recombination is one of the main drawbacks in the application 
of TiO2 photocatalysis as it causes a waste of energy. In the absence of suitable 
electron acceptor or donor, recombination step is predominant and thus it limits the 
quantum yield. Hence it is crucial to prevent electron-hole pair recombination to 
ensure efficient photocatalysis. Molecular oxygen is generally used as an electron 
acceptor in heterogeneous photocatalytic reactions. It was found that the 
photocatalytic activity nearly completely suppressed in the absence of dissolved 
oxygen, and the steady state concentration of dissolved oxygen had a profound effect 
on the rate of photocatalyzed decomposition of organic compounds. The major role of 
oxygen in the photocatalytic degradation of organic compounds is to act as an 
electron scavenger for continuous electron removal from the surface of photocatalysts 
(Ilisz and Dombi, 1999). Therefore, it is important to provide sufficient oxygen in the 




accumulation on the surface of TiO2. However, in the photocatalytic removal of 
dissolved metal ions, oxygen molecule is a strong competitor for metal ions to 
scavenge the photogenerated electrons. So the presence of dissolved oxygen may 
significantly inhibit the photoreduction of metal ions (Herrmann, 1999; Litter, 1999; 
Xu, 2009).  
The addition of external oxidant/electron acceptors into a semiconductor 
suspension has been shown to improve the photocatalytic degradation of organic 
contaminants by reducing or eliminating the electron-hole pair recombination through 
accepting the conduction band electrons, increasing the hydroxyl radical 
concentration and the oxidation rate of intermediate compound and generating more 
radicals and other oxidizing species to accelerate the degradation efficiency of 
intermediate compounds (Ahmed et al., 2011). Since hydroxyl radicals appear to play 
an important role in the photocatalytic degradation, several researchers have 
investigated the effect of adding commonly encountered electron acceptors such as 
H2O2, KBrO3, and (NH4)2S2O8 on the photocatalytic degradation of various organic 
compounds, by enhancing the formation of hydroxyl radicals as well as inhibiting the 
electron-hole pair recombination (Qamar et al., 2006; Singh et al., 2007). In all cases, 
the addition of these oxidants has been found to result in higher rate of pollutant 





2.2.  Immobilized TiO2 for environmental photocatalytic degradation 
applications  
In classical heterogeneous photocatalysis, the active material is usually in the form 
of small particles, typically in the nanometer range. The reason for this small size is 
simple: the chemistry occurs on the surface of the particles, and for a given mass, the 
surface area that is provided by a particulate material increases as the particle size 
decreases (Serpone and Pelizzetti, 1989). Thus, a smaller particle size is beneficial to 
the chemical activity per unit mass of material. It is also reported that TiO2 
photocatalysts in nano-dimensions can further promote the efficient charge separation 
and trapping at the physical surface, as well as its high light opaqueness for enhanced 
oxidation capability (Chong et al., 2010). Unfortunately, some practical and economic 
challenges, such as the unstable nature of the nanoparticle dispersion, fast 
photocatalysts deactivation and costly post treatment separation for catalyst recovery 
practical, largely hindered its applications in large-scale water treatment processes. 
One of the possible solutions is to immobilize TiO2 nanoparticles on suitable 
supports. From the practical point of view, the ideal support for photocatalyst must 
satisfy several criteria as follows (Pirkanniemi and Sillanpää, 2002; Singh et al., 
2013): (a) Strong adherence between catalyst and support, (b) no decrease of the 
catalyst reactivity by the attachment process, (c) provision of a high speciﬁc surface 
area, (d) with adequate adsorption affinity towards the pollutants, and (e) allowance of 
fast and easy photocatalyst recovery with good chemical and physical stability. 
Although the immobilization of TiO2 onto larger substrates solved the post-treatment 
recovery problem and possibly enhanced the light utilization efficiencies, the 
immobilized TiO2 generally has lower surface area and higher mass transfer 




reaction occurs at the liquid–catalyst interface, and therefore when the catalyst is 
immobilized, both external and internal mass transfer plays significant roles in overall 
photocatalytic processes. The external mass-transfer resistance could be easily 
reduced by varying the flow rate (Chen and Ray, 1999). However,  the  internal  mass  
transfer is an intrinsic property of the catalyst film, and is effected by  the  nature  of  
the  catalyst,  coating  methods  used,  and the  thickness  of  the  catalyst  film 
(Ballari et al., 2008).  The overall  rate  is  sometimes controlled  by  the  internal  
mass-transfer  resistance,  which may be difficult  to alter.(Chen et al., 2000a, 2001) 
2.2.1. Immobilization techniques 
A promising alternative strategy for producing a highly active photocatalytic 
coating is the attachment of stable photocatalytic particles onto a support without any 
reduction in activity. Generally, two  main  routes  have  been  explored  to  fix  the 
titania  on  suitable  supports.  One method is to fix the previously made titania 
powder (PMTP) on to supporting material, which seems  to  be  the  simplest  starting  
point  to  procure  a supported coating. There  is  no  clear  understanding  of  the  
bonding forces  acting  at  the  catalyst/support  interface  when a  PMTP  is  used 
(Pozzo et al., 1997).  Electrostatic interactions (Haarstrick et al., 1996), and van der 
Walls attractive forces (Siffert and Metzger, 1991), are probably involved but it is 
also possible  that  some  kind  of chemical  bonding  with suitable binders is applied. 
Normally, fully inorganic binders should be preferred to prevent any possible long- or 
even middle-term destroying of the surrounding materials. Polymers  and  
organosilane polymers containing organic functional groups were also used (Robert et 
al., 2013). Jackson et al. (1991) reported the use of PMTP method with silane 
coupling and they found that the triethoxysilane would develop bonding bridges 




groups on both the catalyst and the support surfaces. A thermal binding of PMTP 
method is probably the simplest immobilizing method by using the in-situ melted 
polymer as the binding agent for the formation of TiO2-polymer bridge. For example, 
Tennakone and co-workers adopted simple hot-pressing method for 
TiO2 immobilization on polythene films at 74°C (Tennakone et al., 1995). They found 
the TiO2 that was immobilized onto the polythene films being photocatalytically 
active and suitable for the mineralization of phenols. The main drawback of the 
binder-through approach exists in the large reduction of the surface of TiO2 available 
for adsorption and photocatalytic reaction, due to the partial or even complete 
encapsulation of the photocatalyst particles in the binder coating (Robert et al., 2013). 
The  other  way  for immobilization is  based  on different alternatives of  "in  
situ"  catalyst generation such  as  the  so-called  "sol-gel  process"  (SGP),  chemical  
vapor deposition  (CVD), electrophoretic deposition  and  electrostatic multilayer self-
assembly deposition, which may involve a  combined series  of physical  and 
chemical transformations of a precursor such as a titanium salt (usually an  alcoxide) 
in  adequate  solvent and under acid or base conditions.  This method can produce 
TiO2 films with high purity  and great homogeneity (Zhang et al., 2005). Among 
various in-situ generation methods, the SGP has been widely used due to its 
advantage of a relatively low cost and a flexible applicability to a wide range of sizes 
and shapes of the substrates. The SGP process generally involves 5 steps: controlled 
hydrolysis of an alcoxide precursor; condensation to form colloidal particles; gelatin; 
molding or coating on to a suitable substrate and finally dehydration and densification 
by calcination at high temperature (Robert et al., 2013). Precursors such as titanium 
alkoxide, titanium tetrachloride, and titanium halogenide are heated under very high 




strong adherence on the support (Aguedach et al., 2005). During heating, dehydration 
reaction can occur between the OH groups from the catalyst surface and the support, 
creating an oxygen bridge, thus increasing the adherence of the catalyst to the support 
(Shan et al., 2010). In general, spread coating and dip coating are the widely used 
coating methods for this approach. It was found that the spread coating method is 
suitable for making thick film, whereas the dip coating one is applicable for the 
production of a thin film on all immersed surfaces of the substrate at the same time. 
However, the thickness of the film is dependent on the number of times of immersion 
and the viscosity of the coating solution prepared. A good combination of these 
factors is important for the preparation of a high-quality thin film photocatalyst. 
Chemical vapor deposition (CVD) is another interesting method for immobilizing 
highly pure TiO2 onto supports. In a typical CVD process, substrates are subjected to 
a gaseous ﬂow of a single- or multi-component volatile precursor in an inert 
atmosphere at controlled pressure and controlled temperature, and the decomposition 
of the volatile precursors takes place at the substrate surface, resulting in the 
formation of thin ﬁlms. CVD processes can be implemented in different ways, 
governed by the type of precursors used, the type of substrates, the operating 
conditions, and the desired degree of purity, crystallinity, or thin ﬁlm uniformity (Li 
Puma et al., 2008). Electrophoretic deposition is based on the application of a 
potential between two electrodes, and so this method is restricted to conductive 
supports (Shan et al., 2010). The coating on stainless substrates was reported to be 
very strong with well controlled thickness by cathodic electrophoretic deposition with 
Degussa P25 TiO2 nanoparticles (Dor et al., 2009). A limitation of this method was 
that it often requires a post-coating annealing at temperatures about 500°C, so that 




multilayer self-assembly deposition has appeared to be an emerging method for 
immobilizing photocatalysts on substrates of almost any shapes and  sizes, since the 
early 1990s (Decher et al., 1992).  It is based on the concept of multiple weak 
interactions across the interface between adjacent layers, which are mostly 
electrostatic interaction in nature. The building of multilayer thin ﬁlms is achieved by 
alternative deposition of polyanions and polycations, by dipping or spray, on the 
surface of a substrate that is previously charged. This method differs from many 
others by its simplicity of implementation and by beneﬁtting from a fully controlled 
and homogeneous deposition, from the very good adhesion of the obtained ﬁlms, and 
from the ease and versatility of implementation of the technology, whatever the 
complexity of the substrate geometry is (Decher, 1997). The electrostatic multilayer 
self-assembly deposition method has been recently successfully adapted with 
polyelectrolyte multilayers containing commercial Degussa P25 TiO2 in both 
wastewater (Krogman et al., 2008) and air treatment (Dontsova et al., 2011).  
However, maintaining the film porosity during the multilayer building up for 
preventing complete encapsulation of TiO2 nanoparticles by the two sandwiching 





2.2.2. Types of supports  
The design of photocatalyst-supported materials is a key aspect in the 
development of highly efficient photocatalytic processes and reactors, which should 
take into account of and optimize the interaction between the light, the active catalyst, 
and the reactants, for maximizing both ﬂow/exposed area contact and utilization of 
radiated energy. In some cases, the support not only provides its macroscopic 
structure to the photocatalytic materials but also plays an active role within the 
reactor, for example, the concentrating effect of pollutants by the adsorptive supports 
(Zhang et al., 2009).  
One of the earliest candidates that emerged as the supporting material was simply 
the glass reactor wall, probably due to the tenacious sticking capability between tatina 
powder and the lab glassware observed by researchers (Pozzo et al., 1997). 
Subsequently, all forms of silica based materials have been explored as the 
photocatalysts support, including glass reactor tube (Ling et al., 2004), glass beads 
(Qiu and Zheng, 2007; Serpone et al., 1986), glass microspheres (Koopman, 2007; Li 
et al., 2008), glass plate (Khataee et al., 2011), glass fiber (Brezova et al., 1995), 
quartz optical fiber (Tromholt et al., 2011), sands (Pozzo et al., 2000), silica gels 
(Ding et al., 2000; Shironita et al., 2008), etc.  The strong adhesion between titania 
and silica based substrates may be attributed to some sort of sintering effect between 
the photocatalyst particles and the surface Si-OH groups of the substrates (Pozzo et 
al., 1997) and the formation of Ti-O-Si linkages (Gao and Wachs, 1999). The 
advantages of glass as supporting material include the ability to sustain high 
calcination temperature and ultralow thermal expansion coefficients. Furthermore, the 
relatively high refraction indices of glass allows better penetration of photons in the 




can easily break, especially in the high temperature calcination process. Unlike the 
glassy material, silica gel is a porous and amorphous form of silica. It has a large 
surface area, high thermal stability and good sedimentation ability (López-Muñoz et 
al., 2005; Shironita et al., 2008). The attainable high surface area of silica can 
potentially improve catalytic activity by creating more TiO2 surface readily available 
for the reactant and thus enhance photocatalytic activity (Choi, 2006; Kim et al., 
2005).  
Activated carbon (AC), also known as activated charcoal, has also attracted 
extensive research interest as a potential support in the photochemical processes 
(Carpio et al., 2005; El-Sheikh et al., 2007; Matos et al., 2007). It is extremely porous 
and has a very large specific surface area. As a catalyst support, activated carbon can 
increase the photodegradation rate by progressively allowing an increasing quantity of 
pollutants to come in contact with the TiO2 through the means of adsorption (Lim et 
al., 2011). The synergistic effects between AC and photocatalysts may be incurred by 
an increased adsorption of the contaminants onto the activated carbon phase followed 
by a closer transfer through an interphase to the TiO2 phase, giving a more complete 
photocatalytic degradation process. In this respect, activated carbon proves to be a 
valuable support in promoting the photocatalytic degradation process.  
A wide variety of polymeric materials have also been tested as supports, for 
example, polyethylene (PE) ﬁlm (Tennakone et al., 1995), polyethylene terephthalate 
(PET) bottles (Fostier et al., 2008; Meichtry et al., 2007), polystyrene (PS) beads 
(Fabiyi and Skelton, 2000), polyvinylchloride (PVC) tube (Damodar and 
Swaminathan, 2008) and  polycarbonate (PC)  plates (Fateh et al., 2008), 




poly(methyl methacrylate) spheres (PMMA) (Kamegawa et al., 2011), conductive 
polyaniline (PANI) thin film (Yu et al., 2012b), and rubber latex sheet (Sriwong et al., 
2008) . Many polymeric materials are chemically inert, mechanically stable, cheap 
and very readily available. As compared to other substrates, the cost of the prepared 
composite photocatalysts can be greatly reduced, making them more economically 
feasible for possible large scale and wider spread applications. Secondly, the 
immobilization of TiO2 onto polymeric materials is often more energy-saving since it 
is usually done at a temperature below 100-200°C (Singh et al., 2013); as compared to 
above 400°C or even 500-800°C for other inorganic materials. Being thermoplastic 
they propose thermo softening properties, which increases the easiness of coating 
TiO2 onto them by simple thermal treatment methods.  
The 1
st
 reported study on the use of polymer supports for anchoring photocatalyst 
was perhaps, as known to the authors, by the paper of Tennakone et al. (1995) with a 
simple thermal treatment method. The anatase form of TiO2 powder was evenly 
sprinkled on a commercial polythene film and ironed at a temperature of 74 °C. They 
reported that the TiO2 coating was able to achieve more than 50% of phenol 
degradation in the solution in 2.5 h under non-stirred and non-oxygenated conditions 
exposed to the solar irradiation. However, the experimental results from 
photocatalytic mineralization under UV irradiation in 6 h showed 9 mL more CO2 
than the expected theoretical value, suggesting the degradation of the polymer 
occurred by the embodied TiO2. Naskar et al. (1998) immobilized Degussa P25 
anatase form of TiO2 nanoparticles on foamed PE sheet by a simple hot pressing 
method and compared its photocatalytic activity with TiO2 suspension containing the 
same amount of titania as the foamed PE sheet. They found that the immobilization of 




attributed to the largely reduced surface area by partial embedment of TiO2 particles 
into the polymer surface. From these two pioneer studies, it can be concluded that the 
key issue for the embedment of titania particles into the polymer support should be to 
minimize the degradation of used polymer substrate and the loss of the catalyst 
activity. A recent method by Velásquez et al. (2012) reported a low-cost controlled-
temperature embedding method by dispersing P25 titania particles and PE or PP 
pellets in glycerin and heating the mixture to the melting point of the polymer, 
followed by cooling it down to room temperature. The resulted TiO2-embedded 
polymer was reported to have strong adherence of P25 on the surface of both 
substrates, as well as high resistance to UV photodegradation. The simple coating 
method may lead to the leaching and dissolution of the catalyst due to the lack of 
proper binding sites and low surface energy on the polymer surface (Singh et al., 
2013). In order to overcome this limitation, Dhananjeyan et al. (2000) modified the 
PE film surface with a PE based anhydride-modified block copolymer to introduce 
anhydride anchoring groups. Experimental results showed confirmed good adhesion 
of titania particles and the formation of chemical bond between TiO2 surface and 
anhydride groups present on the polymer.  
However,  the polymer substrate, itself being organic, seems to be equally 
susceptible to degradation by the TiO2 photocatalyst as to the organic contaminants 
under UV light irradiation, apparently through the same reaction mechanisms (Singh 
et al., 2013). Some researchers tried to introduce a protective layer to prevent the 
direct contact of the substrate from photocatalytic titania and thus prevent the 
photodegradation of the substrate (Kasanen et al., 2011a; Kasanen et al., 2011b; Zhou 
et al., 2011). The protective layer also helped to modify the polymer surface 




compared to the dispersion of titania directly on hydrophobic polymeric substrate. 
Multilayer coating approach was adopted for a more complete coverage of the surface 
without leaving any uncoated spots as observed in single-layer coating (Kasanen et 
al., 2011b). 
Beside the above mentioned and widely explored materials, many other 
uncommon materials have also been explored, including perlite (Hosseini et al., 
2007), pumice stone (Subrahmanyam et al., 2008), cellulose (Aguedach et al., 2005; 
Neti and Joshi, 2010; Pelton et al., 2006), stainless steel (Chen and Dionysiou, 2006; 
Gao et al., 1992), quartz sand (Pozzo et al., 2000) and so on. For example, Chen and 
Dionysiou (2006) reported that an increase in the P25 loading in the sol causes an 
increase in the amount of crystalline material retained on the support, but at the same 
time it also increased the micro-cracks in the coated layer and hence decreased 
mechanical strength of the coated layer. Fernández et al. (1995) investigated the 
deposition and the characterization of the TiO2 coatings on several rigid supports 
(cordierite monolith, stainless steel plates and beta-SiC foam). They found the 
adherence of the TiO2 coating decreases with increasing solution viscosity.  An 
intrinsic viscosity leads to thicker coatings which are less resistant and thus, micro-
cracks are formed. And the nature of the substrate such as the porosity and the 
wettability of the substrate play a major role in coatings. Subrahmanyam et al. (2008)  
showed that the TiO2 immobilized pumice stone is an easy and efficient method to 
obtain photocatalytic reactions without the problem of filtration. All these studies 
suggested that supported TiO2 could be an economical and efficient process for water 
and wastewater treatment, if the supporting material and coating technique were 









2.2.3. Polymer-supported buoyant photocatalysts 
In some liquid-phase applications, immobilized TiO2 led also to the concept of 
“buoyant photocatalysts” taking advantage of the proximity with the air/water 
interface for maximizing both the light utilization (especially in solar-light-driven 
processes)  and  the  oxygenation  of  the  photocatalyst  (especially  for  nonstirred 
reactions), as well as for facilitating their post use recovery (Robert et al., 2013). To 
promote photocatalytic oxidation of organic pollutants in water, four components, 
light, oxygen, the target compound, and the photocatalyst should meet at one place. 
The water surface appeared to be a good choice. The oxygen demand can be supplied 
by the oxygen in air through the air-liquid interface and the highest UV intensity can 
be obtained at the water surface, as compared to anywhere else throughout the water 
depth in the reactor easily. However, pure titania particles have a density of 3.8g/cm
3
, 
and it will sink to the bottom of the water in the reactor. Various low density 
substrates, such as hollow glass microspheres (Portjanskaja et al., 2004; Zaleska et al., 
2000), expanded graphite (Modestov et al., 1997; Yaroshenko et al., 2007), pine wood 
chip (Berry and Mueller, 1994), perlite (Faramarzpour et al., 2009), low density 
polyethylene (LDPE) (Magalhães et al., 2011), polypropylene (Han and Bai, 2009, 
2010, 2011; Tu et al., 2013; Velásquez et al., 2012) and expanded polystyrene 
(Magalhães and Lago, 2009), have been used for the preparation of buoyant TiO2 
photocatalysts. The polymer-supported buoyant TiO2 photocatalysts exhibited several 
advantages, including (Magalhães et al., 2011; Velásquez et al., 2012; Xing et al., 
2013).: 
(a). Maximum light utilization efficiency.  
Being floatable, they can utilize solar radiation directly and fully without any light 




(b). Economical.  
The ease with which it can be applied directly to various applications, for example 
water catchments, natural lakes and contaminated wastewater reservoirs, eliminates 
the need of any special equipment or installation. 
(c). Greater degradation efficiency. 
Enriched concentrations of organic contaminants are found to be present on the 
surface of various water bodies. These catalysts being buoyant are more efficient in 
destroying suspended insoluble organic contamination, such as accidental oil spills 
(Rosenberg et al., 1992). 
(d). Easy post-treatment recovery. 
Buoyant polymer-supported photocatalysts can be recovered by simply using a 
sieves (Tu et al., 2013).  
The first polymer-supported buoyant photocatalyst was reported by Fabiyi and 
Skelton (2000), using a simple thermal treatment method to coat P25 TiO2 onto 
naturally buoyant polystyrene beads. The obtained buoyant PS-P25 buoyant 
photocatalysts show higher mechanical stability as well as impressive photocatalytic 
activity. The catalyst activity was found to remain appreciably high for up to 10 
successive runs. Han and Bai (2009) prepared a novel buoyant photocatalyst 
supported on polypropylene (PP) granules using a low temperature hydrothermal 
method. To make it effective in visible light, the TiO2 was modified with N-doping 
with triethylamine. The low melting point of the PP has restricted the preparation 
method to be carried out at a low temperature. However, the prepared buoyant 
photocatalyst showed lower photo oxidation activity as compared to powder 




on PP granules and smaller surface area of the film as compared to the powder 
particles. Taking their research further, Han and Bai (2010) prepared a highly active 
buoyant photocatalyst with high loading rate of titania on polypropylene fabric (PPF) 
by adopting a novel layered-TiO2 immobilization configurations. The PPF surface 
was first activated and immobilized with a small flower-like rutile TiO2 layer using 
hydrothermal method and further immobilized with N-doped anatase TiO2.  
Characterization techniques confirmed that the enhanced hydrophilicity of PPF after 
pre-treatment was attributed to the formation of hydroxyl or carboxyl groups on its 
surface. These groups can interact with hydroxyl groups on titania and form hydrogen 
bonds that can improve the adherence of TiO2 on PPF. Moreover, the rough surface of 
rutile TiO2 provided a large surface area for the subsequent immobilization of N-
doped anatase layer. The main highlight of the paper was the enhanced loading 
amount of titania on the polymer substrate by the flower-like rultile TiO2 layer, as it 
was a decisive factor for achieving high photocatalytic activity for the prepared 




2.3.  The role of activated carbon in heterogeneous photocatalysis  
Although, TiO2 has been reported as an efficient photocatalyst so far, its poor 
adsorption property to the pollutants to be degraded often leads to a limitation in the 
overall process performances, especially when the concentration of the pollutants is 
low. Some attempts have been made to improve the photocatalytic efficiency of 
titania by adding an adsorbent as co-component, such as silica, alumina, zeolites, 
clays, and active carbons (ACs). This addition is to induce a synergistic effect by 
creating a high organic environment around the TiO2 photocatalyst through the means 
of adsorption. Activated carbon has been used as one of the good co-adsorbents with 
the photocatalysts, attributed to its well established literature references as an 
adsorbent and its efficiency to adsorb a wild range of organic pollutants with high 
adsorption capacities.  
Activated carbon (AC) is an adsorbent produced from carbonaceous precursors, 
by either thermal or chemical activation to increase the internal porosity and thus 
achieve high specific surface area (Bansal and Goyal, 2005).   Activated carbon has 
been the most widely used adsorbent because of its high chemical and mechanical 
stability, good adsorption capacity and high degree of surface reactivity. Activated 
carbon adsorption has been recommended by the USEPA as one of the best available 
technologies (BAT) in the removal of trace amount of organic compounds (Alam et 
al., 2009). Most of the carbon-rich raw materials can be converted to activated carbon, 
such as wood, coal, coke, coconut shells, fly ash and even rice husk. Thermal or steam 
activation requires the oxidation of char in oxidizing environment at a temperature 
between 800-1000°C. Chemical activation involves heating the carbonaceous 
precursor and a dehydrating agent to a temperature between 200-650°C. Strong acids, 




agents and may be leached out and reused. Hence, chemically activated carbons 
typically have a lower pH, due to acidic groups on their surface (Nakhla et al., 1994; 
Terzyk, 2003). The difference in precursors and activation processes result in 
activated carbons having varying physical and chemical properties, and displaying 
different adsorption behaviors.  
 
(a). Surface Area  
The highly porous structure of activated carbon is one of the main reasons for its 
high internal surface area and makes it effective in the adsorption of organic 
pollutants. Even though properties such as pore size distribution, surface chemistry 
and adsorbate-adsorbent interactions play a role, surface area is often found to be the 
limiting factor for adsorption of various target pollutants (Yang, 2003). Hence, a 
greater surface area of the activated carbon will usually result in a greater adsorption 





(Marsh, 2006).    
(b). Pore Size Distribution 
The pores of activated carbon  are often classified into three size ranges according 
to IUPAC recommendations (McNaught, 1997): 
 Micropores: Less than 20 Å (2 nm)    
 Mesopores: Between 20 Å (2 nm) and 500 Å (50 nm)  
 Macropores: Greater than 500 Å (50 nm)   
Micropores in activated carbon are usually comparable to the sizes of the 
adsorbate molecules. Therefore, all the atoms of the adsorbent can interact with the 




micropores and that of mesopores and macropores. Micropore adsorption is hence a 
pore filling process controlled by the volume of the micropores. Mesopores 
participate in the transport of the pollutant molecules to the major adsorption sites in 
the micropores. They are characterized mainly by their specific surface area and pore 
size distributions. In the case of macropores, the action of adsorption forces does not 
occur throughout their void volume but at a short distance from their walls. Like 
mesopores, macropores are also diffusion pores in which they principally transport the 
pollutant molecules to smaller pores.   
During the adsorption process in activated carbon, four main steps occur:   
1. Bulk diffusion of the molecule through the bulk liquid towards activated 
carbon particles.  
2. Film diffusion of molecules through the boundary layer surrounding the 
activated carbon.   
3. Pore diffusion through the pores or along the pore walls.  
4. Adsorption of the adsorbate on the adsorption sites.  
The rate determining step is often step 3 that is the diffusion through the pores of 
the activated carbon, which is largely influenced by the pore size and the size of the 
diffusing molecule. 
Activated carbon is an excellent adsorbent, especially for systems dealing with 
organics. It is also well-known that TiO2 is capable of oxidizing a wide range of 
organics to water and carbon dioxide. Hence, it can be hypothesized that a 
combination of these two materials may result in a combined effect of adsorption and 
degradation, and thus would result in a synergy for the overall process performance. 




then subsequently degraded by the TiO2 photocatalysts in the presence of UV at a 
higher mass transfer rate.   
Physical mixing of TiO2 and AC in aqueous suspensions has been the easiest way 
of preparing TiO2-AC combination, as demonstrated by Matos  and others (Cordero 
et al., 2007a; Cordero et al., 2007b; Herrmann et al., 1999; Matos et al., 2010; Matos 
et al., 1999; Matos et al., 1998; Matos et al., 2001; Matos et al., 2007), and Araña et 
al. (Araña et al., 2004; Araña et al., 2003a, 2003b; Araña et al., 2002). Mechanical 
agitation of the TiO2 and AC particles in aqueous suspension promotes their collisions 
and subsequently attachment to form a pseudo-TiO2/AC composite. Matos et al. 
(1998) tested the mixture of 10mg AC and 50mg TiO2 in a slurry system on phenol 
removal and found that the apparent rate constant was 2.5 times higher than that of 
purely titania. The authors ascribed this result to the adsorption of phenol to the AC 
that provided a rapid transfer of phenol to the photoactive titania. In view of practical 
application, production of TiO2/AC by simple physical mixing involves less chemical 
consumption and minimizes environmental pollution, which appeared to be a 
favorable option. However, in such physical mixing, the physical bonding of TiO2 on 
the surface of AC is likely to be weak. This may result in appreciable amount of TiO2 
particles to be dislodged from AC in solution, and thus subsequent separation of the 
TiO2 nanoparticles from the treated water can be a challenging problem. 
Another way of producing TiO2-AC composite is to immobilize TiO2 on AC 
surface by various chemical assisted methods, such as chemical binders (Yuan et al., 
2007; Yuan et al., 2005), molecular adsorption-deposition method (Fu et al., 2004), 
sol-gel (Li and Liu, 2012; Xue et al., 2011; Yao et al., 2010), hydrothermal (Liu et al., 




deposition (Li Puma et al., 2008), etc. According to the optimal catalysts support 
selection criteria mentioned in section 2.2, activated carbon appeared to be a good 
choice for their high porosity and large specific surface area. Due to its versatility, the 
sol-gel technique is the most commonly used chemical method for TiO2/AC 
preparation. The morphology of TiO2 on AC may be properly controlled by sol-gel 
method so that the coating of TiO2 could be limited to the external surface of AC and 
the pore structure of AC is largely preserved (Chen and Mao, 2007). Furthermore, the 
sol-gel technique offers various TiO2 modification options. For examples, (a) visible 
light responsive TiO2/AC (Jamil et al., 2012; Zhang et al., 2010)  and (b) TiO2 coated 
on Fe3O4–loaded AC that allows separation using magnet (Ao et al., 2008). The 
TiO2/AC composite was synthesized through CVD method followed by metal-organic 
CVD technique to deposit the Ti alkoxide precursors on the AC support. Less 
handling steps were involved in the CVD process, and the integrity of the AC pore 
structure is better preserved (Zhang and Lei, 2008). However, the requirement for 
CVD operation environment is much more stringent. The carrier gas must be inert, of 
high-purity, and completely dry and the gas line must be sufficiently heated to avoid 
condensation of Ti precursors. TiO2 nanoparticles can be obtained by hydrothermal 
treatment of peptized precipitates of a Ti precursor in water, or hydrothermal reaction 
of titanium alkoxide in an acidic ethanol-water solution (Liu et al., 2007). The sizes of 
the resulting TiO2 particles can be controlled by adjusting the concentration of Ti 
precursor and the composition of the solvent system, while the peptizers and their 
concentrations can influence the morphology of the obtained TiO2 particles. TiO2/AC 
synthesis using binders was adopted by Yuan et al. (2005). They utilized diglycidyl 
ether of bisphenol-A epoxy resin as the chemical to bind P25 and AC fiber. Though 




amounts of binders may still exist after calcination that may cause water 
contamination by those residues. Besides, if excessively large binder molecules block 
the AC pores, various sorption sites can be rendered inaccessible to target pollutants 
and the adsorption capacity of the composite may be considerably compromised. The 
molecular adsorption-deposition method is another chemical method to produce TiO2 
coating on AC. In this method, a Ti precursor of small molecular size, such as TiCl4, 
is to be absorbed into the micropores of AC in vapor phase. After hydrolysis of the Ti 
precursor, pyrolysis proceeds at a relatively low temperature to produce TiO2 anatase 
(Fu et al., 2004). By changing the vapor pressure of the Ti precursor during 
adsorption, the molecular adsorption-deposition method can be used to control the 
final thickness of the TiO2 layer formed. However, this method may result in a 
significant amount of TiO2 embedded into the AC internal pores, thus losing their 
functionality and resulting in the reduction of the AC sorption capacity. 
 Apart from simply offering a large space for immobilization, the activated carbon 
can also increase the photodegradation rate by progressively allowing an increasing 
quantity of reactants to come in contact with the TiO2 through instant adsorption (Li 
Puma et al., 2008; Zhang and Lei, 2008). Minero et al. (1992) have established that 
the hydroxyl radical generated by the photocatalysts does not migrate very far from 
the active centers of the photocatalysts and therefore degradation takes place virtually 
on the catalysts surface. In this respect, activated carbon proves to be an valuable 
support in promoting the photocatalytic degradation process, by creating a common 
interface between both the AC phase and TiO2 particle phase (Li Puma et al., 2008; 
Zhang and Lei, 2008). The synergistic effect can be explained as an enhanced 
adsorption of the organic pollutants on to the activated carbon phase, followed closely 




synergism has also been found to depend on the surface chemistry of AC (Matos et 
al., 1999). The quantification of the synergistic and inhibitive effects may be 






where kapp(TiO2+AC) is the apparent rate constant for TiO2-AC composite and 
kapp(TiO2) is the apparent rate constant for bare TiO2. 
Synergy factor and inhibition factor are assigned when R > 1 and R < 1, 
respectively. The studies based on binary mixture of AC with Degussa P25 TiO2 
nanoparticles by Matos and the others observed both synergistic and antagonistic 
effects on the removal of phenol, 4-chlorophenol, and 2,4-dichlorophenoxyacetic acid 
(Cordero et al., 2007b; Matos et al., 2001; Matos et al., 2007). In general, the AC type 
and its activation process affect its surface functional groups, pHpzc, and topological 
properties. These properties affect the creation of the TiO2-AC interface, which has 
direct impact on interfacial electron transfer rate and thus photocatalytic efficiency of 
the TiO2-AC mixture.  
Although satisfactory results have been demonstrated with several lab-scale 
testings of the activated carbon/TiO2 system for various organic pollutants with 
different adsorption and photocatalysis rate, there are still some barriers that need to 
be addressed before photocatalysts-adsorbent system attains practical applications. 
Firstly, the proper adsorbent selection was one of the important issues that remained 
non-conclusive at this stage (Zhang et al., 2009).  The overall performance of the 
photocatalyst-adsorbent system would basically depend on three major steps: (1) 




the adsorbent to the photocatalyst and (3) photocatalytic decomposition of the 
pollutant by TiO2. Adsorption rate in step 1 was found to be much faster than that of 
photodecomposition in step 3. Hence, excessive AC adsorption capacity may not be 
desirable because it may inhibit photocatalytic degradation of target pollutants (Li 
Puma et al., 2008; Zhang et al., 2009). Thus, choosing a proper adsorbent is critical to 
the development of the photocatalyst-adsorbent composite system for removal of 
organic pollutants in wastewater purification. The adsorption capacity needs to be 
balanced with the organic affinity to the adsorbent to allow adequate diffusion of 
adsorbed pollutants to the photoactive sites of the photocatalyst. Some studies have 
shown that the desorption of adsorbed species from adsorbent surface was the major 
rate limiting step during photocatalytic regeneration of spend activated carbon, and 
external heat or ultrasonic waves were needed to enhance the desorption for better 
regeneration of the activated carbon (Crittenden et al., 1997; Liu et al., 1996; Liu et 
al., 2003; Salvador and Merchán, 1996; Yuen and Hameed, 2009).  Some early 
studies conducted by Torimoto et al. (1996) on propyzamide removal by photocatalyst 
deposited on various adsorbent supports showed that AC/TiO2 system had the highest 
removal due to propyzamide adsorption by AC, whereas zeolite/TiO2 had the highest 
photocatalytic decomposition rate due to the moderate adsorption affinity of zeolite.  
Hence, for possible continuous long-term operation of the photocatalyst-adsorbent 
composite system, adsorbents of adequate desorption properties or moderate affinity 
to the pollutants are important in achieving a maximum ultimate degradation of the 
pollutant by photocatalytic reaction.  
To preserve the adsorptive-photocatalytic properties of TiO2/AC composite for 
prolonged use, mechanical or adhesion stability of TiO2/AC is imperative in order to 




dislodge from AC, the slurry system becomes essentially a binary mixture of the 
suspended TiO2 and AC particles, losing the synergistic function. The strong 
mounting of TiO2 on AC may be accomplished through strong chemical bonding at 
the TiO2-AC interface established during chemical synthesis routes such as sol-gel, 
CVD, and hydrothermal and binders-assisted methods appear to produce 
mechanically stable composites, while physical binary mixtures of TiO2 and AC may 
yield weak entrapment of TiO2 nanoparticles into AC valleys. Operationally 
determined mechanical stability can be accomplished through assessing the changes 
in photocatalytic activities of TiO2/AC composite over time or cycles of reuse. Other 
semi-quantitative and qualitative investigations of the TiO2/AC mechanical stability 
was also performed, such as visual inspection of the SEM or TEM images of the fresh 
and reused samples (Araña et al., 2003a), quantifying changes in their surface areas, 
and analyzing changes in their particle size distributions.  
To the best of our knowledge, there is still no engineering-scale demonstration of 
TiO2/AC application in real wastewater treatment plants. However, with increasing 
experience gained in the recent years with applications of solar photocatalysis in 
water treatment plants, UV/TiO2 photocatalysis pilot-scale experiments, and vast 
experiences with PAC usage in the water industry, the TiO2/AC application can be 
conveniently demonstrated in the near future. If the issues discussed in this section 
can be appropriately addressed, TiO2/AC presents considerable opportunities for 
future applications in water treatment and reclamation, as a plug-and-run system 
integrated into the existing treatment train for water polishing, or for side-stream 





2.4.  Some remarks 
Based on the previous review, it is clear that supported-TiO2 could be an 
economical and efficient process for pollutant removal in water and wastewater 
treatment processes, if the process is carefully designed.  Therefore, the objective of 
this thesis study is to develop a desired composite photocatalyst with both the 
adsorption and photocatalytic degradation components on a suitable substrate that can 
resolve problems mentioned in the previous sections, especially the post-treatment 
separation and mass transfer limitation.  
The advantages of floating photocatalysts have already been discussed earlier, 
including improved separation performance and enhanced light utilization efficiency 
(Portjanskaja et al., 2004; Zaleska et al., 2000). From the previous discussions, 
polymeric materials seem to be a good candidate for making buoyant photocatalysts. 
Polypropylene (PP) is selected in this study, for its physical and chemical stability 
under normal application conditions, and being cheap and very readily available.  
Secondly, PP is one of the light polymers that have a density less than that of water; 
hence the TiO2 coated polymer could be floating on water surface. Thirdly, the 
immobilization of TiO2 onto polymeric materials is often more energy-saving since it 
is usually done at a temperature below 100-200°C; as compared to above 400°C or 
even 500-800°C for other inorganic materials. PP is available in the market in various 
shapes, such as beads, thin sheet, thick plates or flexible fabric. Millimeter-sized 
granular PP is selected in this study for flexible reactor design and easy post-treatment 
separation.  
In order to minimize the mass transfer limitation in the immobilized TiO2 system, 




previous discussions, PAC appeared to be a good co-adsorbent, as well as a good 
photocatalysts support. Hence, PAC is selected as the co-component of the buoyant 
composite photocatalysts. However, greater understanding about the immobilization 
techniques, photocatalysts compositions, as well as the application parameters, is 
crucial in developing an optimized buoyant polymer supported photocatalyst 
technology. Hence, the study will try to fill some of the knowledge gaps on the 
fabrication of polymer supported buoyant composite photocatalysts, as well as the 
application performances. 
It has also been found from the literature review that the configuration effect of 
the TiO2 particles has an impact on the photocatalytic degradation activity. The 
combination of TiO2 and PAC has been investigated in several aspects, such as types 
of PAC, TiO2 and PAC ratios and the size of the PAC particles, but the configurable 
effect of the TiO2/AC combination has not been reported. In order to understand the 
configurable effect of the TiO2/AC combination on the photocatalytic reaction and to 
optimize the material prepared, it is of interest to find a stable and effective TiO2/AC 
configuration, that not only provides the desired synergistic effect between 
photocatalyst and adsorbent components but also provide the photocatalytic 
degradation stability for the prepared composite because polymeric substrate was 
suspected to be photocatalytically degraded in some previous studies.  
  Chapter 3 
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Chapter 3: Removal of Phenol in Aqueous Solutions by 
Novel Buoyant Composite Photocatalysts and the Kinetics 
3.1.  Introduction       
Recent studies have shown the great potential and advantages of photocatalysis, 
especially using TiO2 photocatalysis in water and wastewater treatment. The TiO2 
particles have been immobilized onto macro supports to overcome the post separation 
issues (Bideau et al., 1995; Lin et al., 2002; Shan et al., 2010). There have been 
studies in floating photocatalysts prepared by immobilizing TiO2 particles onto low 
density substrates, such as hollow glass microsphere (Koopman, 2007), , polystyrene 
beads (Fabiyi and Skelton, 2000; Magalhães and Lago, 2009), polypropylene granules 
(Han and Bai, 2009) and polypropylene fabric (Han and Bai, 2010). It has been 
demonstrated that the floating photocatalysts had the advantages of greater light 
utilization efficiency because light attenuation is lower in air than in water [20, 21] 
and enhanced oxygenation of the photocatalyst at the water/air interface (Fabiyi and 
Skelton, 2000). The floating or buoyant photocatalysts however still face the problem 
of low mass transfer rate between the organic pollutants in aqueous solutions and the 
photocatalysts mostly on the water surface (Lin et al., 2002). On the other hand, some 
studies investigated the incorporation of inert co-adsorbents with photocatalysts to 
improve the mass transfer issue. This was usually achieved by either adding adsorbent 
particles or photocatalyst particles together into the same solution in the reactor, or by 
depositing photocatalyst nanoparticles into porous adsorbent granules for use together 
(Lee et al., 2004; Lim et al., 2011). The co-adsorbent was expected to help 
concentrate organic pollutants in water and create a common interface between the 




pollutant to the photocatalyst particles for immediate photocatalytic degradation 
(Aruldoss et al., 2011; Carpio et al., 2005; Li Puma et al., 2008; Liu et al., 2007; 
Matos et al., 1998). These practices however did not have the advantages as provided 
by the buoyant photocatalysts. 
In this work, we prepared a novel buoyant composite photocatalyst by 
immobilizing Degussa P25 TiO2 nanoparticle photocatalyst (P25) and activated 
carbon (PAC) fine powder particles on polypropylene granules (PPGs) via a thermal 
bonding process. The selection of PPG as the substrate is based on the following 
consideration: (a) a relatively low density (0.86~0.95 g.cm
-3
) that allows the prepared 
composite photocatalyst to be buoyant in water; (b) the thermo-softening property that 
makes the immobilization of TiO2 and PAC particles on the substrate easy under 
proper heating; (c) the possibility to achieve high resistance to lights, many chemicals, 
as well as photocatalytic reactions (Han and Bai, 2011), and (d) a material that is 
cheap and readily available. Phenol was selected as the targeted pollutant to evaluate 
the performances of the prepared buoyant composite photocatalyst. The objectives of 
this study were to (a) obtain a novel buoyant composite photocatalyst with both 
adsorption and photocatalytic degradation functions, (b) evaluate the performance of 
the composite photocatalyst using phenol as a target pollutant, with an interest in the 
synergistic effect of the adsorbent component and photocatalyst component and the 
photocatalytic degradation kinetics, and (c) examine the effects of experimental 





3.2.  Experimental 
3.2.1. Reagents 
Phenol (99.5%, Merck), NaCl (99.5%, Sinopharm), HNO3 (68%, Fisher 
Chemicals), NaOH (98%, Sigma-Aldrich) were used as received without further 
purification. The test solutions were prepared by dissolving the chemicals in ultra-
pure water produced by a Milli-Q water purification system. 
3.2.2. Preparation of buoyant composite photocatalysts 
The photocatalyst component used was Degussa Aeroxide
®
 P25 TiO2 that 





 and an average particle size of 21 nm. The adsorbent component used was 
Aquasorb
®
 CP1-F powdered activated carbon obtained from Jacobi Carbon. The PAC 





 and a nominal particle size of 325 meshes. The PPGs were purchased from 
Polyolefin Company (Singapore) with a dimension of 2×3.5 mm (length×diameter). A 
thermal immobilization method was used to anchor P25 and PAC onto PPGs and the 
schematic diagram of the experimental setup is shown in Figure 3-1. For a typical 
preparation run, 120 g PPGs were mixed with 60 g of a mixture consisting PAC and 
P25 at various desired weight ratios in a 1 L custom-made round bottom glass reactor. 
An overhead mechanical mixer (IKA® RW20 Digital, Germany) equipped with a 
PTFE stirrer shaft (Anchor Propeller, Cowie, UK) was used to provide intense mixing 
in the glass reactor in the range of 500~900 rpm. A hotplate (Heidolph) equipped with 
a 1 L round bottom heating block was used as the heating device. The hotplate was set 
to 250 °C and the temperature in the reactor was monitored with a thermal couple. As 




(approximately 150 °C) of PPG, P25 and PAC particles started to stick onto the 
surface of PPGs. Heating was stopped when the temperature in the reactor reached 
170°C and the reactor was then quickly removed from the heating block. The content 
in the reactor was poured into a stainless steel sieve. The PPGs fully immobilized 
with P25 and PAC particles were collected in the sieve and then washed thoroughly 
with tape water until no PAC and P25 particles were observed in the washing 
solution. Finally, the prepared granules were dried in an oven at 90 °C till a constant 
weight. This final product was taken as the buoyant composite photocatalysts in this 
work and was named according to the weight percentage of P25 in the mixture for 
immobilization. For example, 75%P25-PPG will represent the buoyant composite 
photocatalyst that was prepared using 45 g P25 and 15 g PAC, i.e., 75% P25 and 25% 
PAC in the powder mixture. 
 
Figure 3-1: Schematic diagram of experimental setup for the preparation of 
composite photocatalysts: (1) 1 L round bottom glass reactor; (2) overhead 
mechanical mixer; (3) PTFE stirrer shaft; (4) hotplate; (5) 1 L round bottom heating 




3.2.3. Characterization of buoyant composite photocatalysts 
The actual compositions of the prepared composite photocatalysts were 
determined using a Thermalgravimetric Analyzer (TGA, TGA2950, DuPont 
Instruments, USA). A sample of around 7 mg of each type of the prepared composite 
photocatalysts was tested and the weight variation as a function of furnace 
temperature was measured by the built-in balance. The TGA furnace was first heated 
to 400 °C at a rate of 20 °C.min
-1
 with nitrogen gas as the carrier gas for the 
decomposition of organic constituents (the polypropylene polymer and possible 
organic impurities in PPG) (S. H. Abdul Kaleel et al., 2011). The carrier gas was then 
quickly changed to compressed air and the furnace was continued to heat to 800 °C at 
the same rate as before for the burn-off of PAC. The remaining part was mainly 
attributed to P25 and possibly the inert impurities from the PPG substrate (Qourzal et 
al., 2004; Yu et al., 2005).  
The surface morphologies of the prepared composite photocatalysts were 
observed by a field emission scanning electron microscopy (FESEM, JEOL JSM-
6700F, Japan) under 5kV electron beam, following the standard measurement 
procedures (Han and Bai, 2010). 
3.2.4. Phenol removal experiments with prepared composite photocatalysts 
Parallel experiments were conducted to investigate the performance of phenol 
removal with different types of the prepared buoyant composite photocatalysts. Two 
custom-made glass reactors with jacket for temperature control through a water 
recirculation system were used. Phenol solution to be tested was placed in the 




test and the other one was put under a 150 W Xenon lamp (Newport, USA) for 
combined adsorption and photocatalytic degradation removal test. The solution 
temperature in the reactors was controlled at 25 °C in all the experiments. In each 
reactor, 10 g of a prepared type of composite photocatalysts (except for 100%P25-
PPG) was added into 400 mL of phenol solution with a phenol concentration at 20 
mg.L
-1
 and containing NaCl at 3.5wt%. For 100%P25-PPG, only 3.33 g was used in 
the experiments because it was found to have 2 times more P25 loaded as compared 
to other types of composite photocatalysts prepared, i.e. 25%P25-PPG, 50%P25-PPG 
and 75%P25-PPG. The UV light intensity from the Xenon lamp was at around 48 
W.m
-2
, with a radiation area of 69 mm in diameter. A 0.5 L·min
-1
 air flow was 
supplied to each reactor from the bottom for mixing and oxygen supply. The total 
time monitored for each test run was 12 hrs. About 2 mL sample was taken at a 
designed time interval and analyzed for phenol concentration using a UV/VIS 
Spectrophotometer (Jasco V-660, Japan) at λmax = 270 nm. All the tests are triplicated 
to ensure accuracy (n=3).  
3.2.5. Phenol adsorption isotherm experiments 
The adsorption performance of the prepared composite photocatalysts was 
evaluated. The experiments were carried out in a number of 500 mL Erlenmeyer 
flasks, each of which containing 400 mL of a phenol solution was added with 10 g of 
a prepared composite photocatalyst. The solutions in the flasks had different 
concentrations of phenol in the range of 10 to 200 mg.L
-1
 but all contained the same 
NaCl concentration at 3.5wt% to simulate the salt content in a phenol wastewater. The 
flasks were covered and then placed in a water bath shaker with the temperature being 




equilibrium. All the tests are triplicated to ensure accuracy (n=3). The remaining 
phenol concentration in the solution in each flask was measured and the adsorbed 
amount (q) of phenol on the prepared composite photocatalyst was calculated using 






where qe is the specific adsorption uptake (mg.g
-1
), V is the volume of the solution (L) 
in each flask, Ci (mg.L
-1
) and Ce (mg.L
-1
) are the phenol concentrations in the solution 
initially and at the adsorption equilibrium respectively, and M is the mass of the 
composite photocatalyst added in each flask (g). 
The adsorption isotherm data were evaluated with the Langmuir (eq. (3-2)) and 
the Freundlich (eq. (3-3)) isotherm models that are commonly used in adsorption 






where qe is the amount of phenol adsorbed per unit weight of the composite 
photocatalyst at equilibrium (mg.g
-1
), Ce has the same meaning as defined before,  qm 
is the maximum adsorption capacity (mg.g
-1










where KF is the Freundlich constant that indicates the relative adsorption capacity of 






), n is the model constant representing the 
intensity of adsorption, and qe and Ce have the same meaning as defined before.   
3.2.6. Phenol photocatalytic degradation kinetics 
The photocatalytic degradation performance of the prepared composite 
photocatalyst was also evaluated. The experiments were conducted with a bench-scale 
system consisting of a 2 L reservoir and a 400 mL custom-made glass reactor jacketed 
with water circulation for temperature control by an external water circulator (Julabo, 
Germany). An overhead mixer was installed on the reservoir to provide mixing and a 
150 W Xenon Lamp (Newport, USA) was installed above the reactor to provide the 
light source. The solution in the reservoir and the reactor was continuously circulated 
by two peristaltic pumps (Masterflex, UK) at a flow rate of 0.2 L.min
-1
. A schematic 
diagram of the experimental setup is shown in Figure 3-2. The use of the large 
reservoir was to provide a sufficient phenol loading to saturate the PAC adsorption 
component in the composite photocatalyst before and during the photocatalytic 
degradation of phenol in the experiment. Therefore the system can be considered as a 
batch system with a total capacity of 2.4 L. A tracer study showed that there was no 





Figure 3-2: Schematic diagram of the experimental setup for photocatalytic 
degradation study: (1)  feed reservoir (2 L solution); (2) sampling point; (3) overhead 
mixer; (4) peristaltic pumps; (5) 150 W Xenon lamp; (6) customized jacketed glass 
reactor (400 mL solution); (7) circulation water to external circulator; (8) circulation 
water from external circulator; (9) air supply to air diffuser and (10) buoyant 
composite photocatalysts 
For a typical experiment, 10 g of a prepared composite photocatalyst was added 
into the reactor with a phenol concentration of 20 mg.L
-1
 and the system was put in 
the dark and stirred for the initial adsorption process to reach equilibrium. Then, the 
Xenon lamp irradiation was turned on for photocatalytic degradation to take place. 
The concentration of phenol in the reactor was monitored by taking samples at every 
15 min interval. Similarly, this set of two-stage process setup was also used for the 
study on the effect of experimental conditions (i.e. chloride ions, solution pH, 
photocatalysts dosages, and initial phenol concentrations). All the tests are triplicated 










3.3.  Results and discussions 
3.3.1. Characteristics of prepared buoyant composite photocatalysts 
 
Figure 3-3: TGA analysis results for base PPG granules and for the prepared 
composite photocatalysts 
The TGA results for the PPG granules and the 4 types of prepared composite 
photocatalysts are shown in Figure 3-3, with the analyzed composition information 
summarized in Table 3-1. For the PPG substrate, it was found that about 99.5% of the 
total mass was lost at 200-400 °C in nitrogen gas and the remaining of 0.5% was 
stable at 500-800 °C when air was supplied to the furnace. This suggested that the 
PPG substrate contained about 99.5% of organic content and the remaining 0.5% that 
cannot be completely burnt off (denoted as “Others” in Table 3-1) at 500-800 °C may 
be attributed to inorganic impurities. For the 4 types of prepared composite 
photocatalysts, the highest amount of immobilization was achieved by 100%P25-PPG 
(13.5wt %), which was probably due to the much greater density of P25 particles than 
that of PAC. For the other 3 types of composite photocatalysts immobilized with both 
P25 and PAC, higher percentage amounts of PAC immobilization were found to be 






































achieved with higher PAC percentages in the powder mixture. Whereas for P25 
immobilization, the highest percentage amount was observed for 50%P25-PPG 
(where P25 and PAC were in equal percentage in the powder mixture) and those on 
25%P25-PPG and 75%P25-PPG were similar but lower than that on 50%P25-PPG.  It 
seems that the PAC content in the powder mixture had a greater effect on the 
immobilization amount of P25 on the PPG base granules. The above experimental 
results provide useful information if the immobilized composition of PAC and P25 on 
PPGs is to be varied. Moreover, all the calculated densities of the prepared composite 
photocatalysts from the measured compositions were smaller than 1 g.cm
-3
, hence, 
confirmed that all the prepared composite photocatalysts were truly buoyant.  
Table 3-1: Actual photocatalysts composition by TGA analysis 
Photocatalysts Type Composition (%) 
PPG PAC P25 Others 
PPG 99.5 0.0 0.0 0.5 
25%P25-PPG 89.1 6.0 4.4 0.5 
50%P25-PPG 88.9 5.2 5.4 0.5 
75%P25-PPG 94.3 1.5 4.2 0.5 






Figure 3-4: Photographs of the base PPG granules and the prepared composite 
photocatalysts 
The photographs of the PPG substrate and the 4 types of prepared composite 
photocatalysts are shown in Figure 3-4. The PPG substrate had a regular round shape 
and a transparent color. It is observed that the PAC and P25 particles were firmly 
attached to the PPG substrate in the thermal immobilization process, and the shapes of 
the granules changed from round to thinner and irregular flat after the immobilization. 
The surface color of the prepared composite photocatalysts also changed from dark 
for 25%P25-PPG to whiter and eventually white for 100%P25-PPG, with the decrease 
of the PAC content. The PAC and P25 components appeared to be uniformly 
distributed on the surfaces of the PPG granules, suggesting that the immobilization 
process was effective. A typical FESEM image for 50%P25-PPG is shown in Figure 
3-5.  
(a) PPG 
  (b)  25 %P25 - PPG   (c)  50 %P25 - PPG   
      
(d)  75 % P25 - PPG 
  (e)  100 %P25 - PPG     











Figure 3-5: A typical FESEM image for 50%P25-PPG, showing PAC and P25 
particles on the surface of prepared composite photocatalyst 
3.3.2. Phenol removal by composite photocatalysts of different compositions  
Blank test using phenol solution with air bubbling confirmed that phenol lost due 
to evaporation and direct photolysis was negligible (results not shown here). The 
results in dark adsorption of phenol with the prepared composite photocatalysts of 
different compositions as a function of adsorption time are shown in Figure 3-6(a). It 
is clear that the adsorption uptake increased with the amount of PAC immobilized on 
the PPGs for each type of the composite photocatalysts (referring to Table 3-1). The 
25%P25-PPG composite photocatalyst showed the highest adsorption uptake and took 
the longest time to reach the adsorption equilibrium. In contrast, the 100%P25-PPG 
composite photocatalyst showed almost no phenol adsorption at all. Since the 
100%P25-PPG composite photocatalyst had no PAC component, it could be 
concluded that P25 had little phenol adsorption capacity, which is consistent with a 
previously reported study (Robert et al., 2000). For the 25%P25-PPG and 50%P25-




process was observed to be very fast initially and then gradually slowed down, 
indicating that the process was dependent on the concentration of phenol in the 
solution. 
 
Figure 3-6: Phenol removal by the prepared composite photocatalysts of different 
compositions: (a) adsorptive removal in dark, and (b) combined adsorptive and 
photocatalytic degradation removal (n=3) 
The combined adsorptive and photocatalytic degradation removals of phenol by 












 25% P25-PPG  50% P25-PPG

























removal after a period of 12 hrs tested, the 50%P25-PPG composite photocatalyst 
achieved the highest and almost complete removal of all the phenol in the solution. 
The next highest removal was achieved by 25%P25-PPG, followed by 75%P25-PPG 
and 100%P25-PPG. In comparison with the results in Figure 3-6(a), one of the most 
significant differences in Figure 3-6(b) is that the concentration of phenol in the 
solution was almost linearly decreased (i.e., the lines are straight), especially in the 
later stage (see from 2 to 12 hrs). Although the phenol concentration in the solution 
dropped greatly (due to removal) in the later stage, the instantaneous removal rate was 
still maintained at almost constant. The results suggest that the photocatalytic 
degradation process by the composite photocatalysts became less dependent on the 
bulk solution concentration. As compared to ordinary reactions that follows 
exponential manner, the concentration vs time plots for the composite photocatalysts 
are almost straight lines (reaction rate kept almost constant), instead of gradually 
decreased reaction rate with the decreasing bulk concentration. The again confirmed 
the hypothesis that the PAC component helped concentrate the organic pollutants 
from the solution and provided to the P25 photocatalyst component, which makes the 
photocatalytic degradation process less dependent on the concentration in the 
solution. On the other hand, the photocatalytic degradation removal of phenol by P25 
from the PAC component helped the regeneration of the PAC component and thus 
improved its adsorption uptakes. Therefore, the results suggest that the combination 
of the photocatalytic component and the adsorbent component in the composite 
photocatalyst produced synergistic effect. For the 100%P25-PPG composite 
photocatalyst which did not have the PAC component, although the concentration 
profile over time also changed almost linearly, the overall removal was smaller, only 




the other  composite photocatalysts. Therefore, the concentration of phenol in the 
solution was not a major controlling factor for the photocatalytic degradation of 
phenol. Bear in mind that the composite photocatalyst was already saturated with 
phenol by adsorption before the photocatalytic degradation process started, the 
decrease of phenol concentration in the solution shown in Figure 3-6(b) was 
completely attributed to a dynamic combination process of photocatalytic degradation 
and adsorption.     
3.3.3. Adsorption isotherms 
To have better idea on the contribution of the adsorbent component in the 
composite photocatalysts, the adsorption isotherm results of the composite 
photocatalysts in phenol removal are examined. The experimental results for the 3 
types of composite photocatalysts with PAC component are shown in Figure 3-7. The 
results are also fitted with the popular Langmuir and Freundlich isotherm models and 
are included in Figure 3-7 as well. In general, both models can fit the results 
satisfactorily, but the Langmuir model appears to give better description than the 
Freundlich model that tends to slightly overestimate the amount at higher solution 
concentrations. The determined model constants (qm and b for the Langmuir model, 
KF and n for the Freundlich model, respectively) are given in Table 3-2. Both qm and b 
are found to increase with the increase of immobilized PAC amount in the composite 
photocatalysts, indicating that the adsorptive behavior of the composite photocatalysts 
was indeed mainly controlled by the PAC adsorbent component immobilized, due to 
the fact that TiO2 photocatalyst component did not adsorb or had little adsorption 
effect on phenol. It is found that the KF value in the Freundlich model decreased with 




suggesting a reduced performance in phenol adsorption, agreed with the Langmuir 
model analysis. The values of n for all the 3 types of composite photocatalysts are 
greater than 1.0 indicating that phenol adsorption on the composite photocatalysts 
were favorable and the extent increased with the PAC percentage compositions.  
 
Figure 3-7: Adsorption isotherm data for phenol by the composite photocatalysts and 
the fitting results of the Langmuir and Freundlich isotherm models to the 
experimental data 
 
Table 3-2: Adsorption isotherm parameters of phenol on different composite 
photocatalyst at 25°C 
Photocatalysts 
Type 






















25%P25-PPG 3.326 0.149 0.950 0.841 2.976 0.958 
50%P25-PPG 3.204 0.039 0.983 0.311 2.138 0.801 
75%P25-PPG 1.428 0.018 0.985 0.062 1.668 0.944 
3.3.4. Kinetics of phenol removal in the photocatalytic degradation process 




























The results on phenol removal in the two-stage process, i.e., a first 2.5 hrs dark 
adsorption followed by 4 hrs photocatalytic degradation, as described in the 
experimental section, are shown in Figure 3-8. The dash line in Figure 3-8 at time t=0 
separates the dark adsorption period from the UV-induced photocatalytic degradation 
period. It is observed that the 4 types of composite photocatalysts all reached the 
adsorption equilibrium after the 2.5 hrs adsorption in dark. After the Xenon lamp was 
turned on at time t=0, phenol was further removed by the photocatalytic degradation 
and this continued for the entire 4 hrs photocatalytic degradation experiment. The net 
removal of phenol in this process by 25%P25-PPG, 50%P25-PPG, 75%P25-PPG and 
100%P25-PPG composite photocatalysts was 6.83%, 6.23%, 1.51%, and 3.07%, 
respectively. Although 100%P25-PPG composite photocatalyst had the highest 
amount of P25, it did not achieve the highest removal of phenol in the photocatalytic 
degradation experiment. In contrast, the 25%P25-PPG and 50%P25-PPG composite 
photocatalysts had much higher phenol removal than 100%P25-PPG in the 
photocatalytic degradation experiments, even though they contained similar amounts 
of the P25 component. These results support the assumption that the addition of PAC 
with P25 in the composite photocatalyst can greatly enhance the performance of the 
photocatalytic degradation of phenol by the composite photocatalyst. For the 
75%P25-PPG composite photocatalyst, however, the synergistic effect was not 
obvious. This may be attributed to the fact that the improvement by the inclusion of a 
small amount PAC was compromised by the reduction in the P25 amount 
immobilized on the composite photocatalyst. In other words, the ratio of immobilized 
P25 to PAC may play an important role in the performance of the prepared composite 





Figure 3-8: Removal of phenol in the two-stage processes with different types of 
composite photocatalysts (n=3) 
Similar to the results shown in Figure 3-5(b), the results in Figure 3-8 for the 
photocatalytic stage also showed an almost linear decrease of phenol concentration in 
the solution with reaction time. However, the reaction rate appears to be dependent on 
the initial concentrations of phenol concentration when the photocatalytic degradation 
process began (i.e., at t=0) and on the type of composite photocatalyst used. Hence, a 
LH model kinetic analysis (eq. (2-24)) is carried out to provide a better and more 
quantitative comparison. With the data from the photocatalytic stage, the results from 
the model fitting analysis are shown in Figure 3-9.  
The value of kapp, which has been proposed to indicate the photocatalytic activity 
of a composite photocatalyst (Matos et al., 1998), is determined from the slope of the 
linear plot and is included in Table 3-3(a). In general, it is found that the 
photocatalytic activities of PAC-containing composite photocatalysts were 
significantly higher than that without PAC, except for the case of 75% P25-PPG. The 
results again reveal that the addition of an adequate amount of PAC to the composite 
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photocatalyst created a synergistic effect in the degradation kinetics, which may be 
further evaluated using the synergy factor derived from eq. (2-34) (da Silva and Faria, 
2003; Matos et al., 1998): 
 
Figure 3-9: Kinetic study of phenol removal in the photocatalytic degradation stage 
by different composite photocatalysts and the fitting of kinetic model to the 
experimental data under different chloride ion concentrations: (a) 25%P25-PPG, (b) 
50%P25-PPG, (c) 75%P25-PPG and (d) 100%P25-PPG (n=3) 
The calculated R values are also included in Table 3-3(a). Among the three PAC-
containing composite photocatalysts, the 25%P25-PPG possessed the highest R value, 
followed by the 50%P25-PPG and 75%P25-PPG. A higher PAC loading may induce 
a better phenol concentrating effect from the solution to the vicinity or surface of the 
P25 photocatalyst component, thus leading to a faster photocatalytic degradation of 
phenol. The deviation of 75%P25-PPG in the performance behavior may be attributed 
to the same reason as discussed early. The overall performance of the composite is 








































































phenol transfer from AC to TiO2 and the rate of phenol degradation by TiO2. The 
three rates need to be properly balanced to achieve the optimum sustainable 
performance. In the case of 75%, there may be a greater degradation capability for the 
immobilized TiO2, but the rate of phenol from AC may not be enough, due to the less 
amount of AC in the composite. The results in fact further explains the reason that 








Table 3-3: Pseudo-first-order rate constants of phenol photocatalytic degradation by 
different composite photocatalysts and effect of chloride ions 
(a) Cl- free solutions (0.0wt%NaCl) 
Photocatalysts Type 








25%P25-PPG 3.06 0.019 0.98 1.18 
50%P25-PPG 2.75 0.018 0.99 1.14 
75%P25-PPG 0.73 0.011 0.96 0.72 
100%P25-PPG 0.012 0.016 0.99 1.00 
*



























50%P25-PPG 2.69 0.016 0.99 2.64 9.10 
75%P25-PPG 0.71 0.004 0.97 0.62 67.0 
100%P25-PPG 0.013 0.008 0.98 1.00 50.0 
#
: %Reduced = (1 −
𝑘𝑎𝑝𝑝,𝑠𝑎𝑙𝑖𝑛𝑒
𝑘𝑎𝑝𝑝,,𝐶𝑙−𝑓𝑟𝑒𝑒
) × 100 
3.3.5. Effect of experimental conditions on phenol removal  
The effect of experimental conditions, i.e. (a) chloride ions, (b) solution pH, (c) 
photocatalysts dosages and (d) phenol initial concentration, were studied using the 
two-stage process setup described in Section 3.2.6. 
(a) Effect of chlorine ions.  
Phenol wastewater often contains a significant amount of inorganic salts. The 
presence of the inorganic ions has been shown to influence the kinetics and 
mechanism of photocatalytic transformation of organic compounds (Calza and 
Pelizzetti, 2001). Chloride ion is the most commonly found inorganic ions in various 
wastewaters. Hence the effect of chloride ions was investigated in this study. The 
photocatalytic activity of phenol degradation by the prepared composite 
photocatalysts in a saline solution of 3.5wt% NaCl was compared with that in a 
chloride free solution (i.e., 0.0wt% NaCl). The results are also shown in Figure 3-9 
and the determined pseudo-first-order rate constants included in Table 3-3(b). As 
shown in the first column of Table 3-3, the presence of sodium chloride in the 
solution almost had no effect on the composite photocatalyst adsorptivity. However, 
the photocatalytic activity was indeed greatly affected by the presence of Cl
-
 ions, 
except for the case of 50%P25-PPG which was almost not affected. The 
photocatalytic activity of 75%P25-PPG, in terms of the kapp value, decreased the most, 
by 67.0% when the concentration of Cl
-




was followed by 100%P25-PPG at about 50.0% reduction, and 25%P25-PPG at 
24.7%. Hence, the results suggest that a proper combination ratio of PAC to P25 
immobilized on the composite photocatalysts may lead to a shielding effect to the 
negative influence of Cl
-
 ions on phenol photocatalytic degradation, as in the case of 
50%P25-PPG. The solution pH was monitored with a pH sensor throughout the whole 
process and only a small pH decreases (from 5.6 to 5.4) were observed after 4 hrs 
photocatalytic degradation. At pH 5 to 6, the positively charged TiOH2
+
 and TiOH are 
the main functional groups on the photocatalysts surface, hence, the negatively 
charged Cl
-
 compete with organic species for these active sites, and lowered the 
photocatalytic degradation reaction rate. On the other hand, the presence of strong 
adsorption force largely increased the organic concentration around the photocatalysts 
and increased the phenol’s competitiveness towards chloride ions. Hence, the 
photocatalytic activity of 25%P25-PPG and 50%P25-PPG was less affected than the 
75%P25-PPG, due to the higher P25 and PAC loading. Besides adsorb onto TiO2 
surface, Cl
-
 can also recombine with the free radicals, and thus, decrease the reaction 
between the organic species and free radicals.  The 25%P25-PPG had the strongest 
adsorptivity, but it has the lowest P25 loading on it, so its free radical production was 
lower and the chloride ions’ radical scavenger effect would be more obvious than that 
of 50%P25-PPG. Hence, 50%P25-PPG was chosen as the optimal composite 
photocatalyst for further studies described below.  
(b) Effect of initial pH.  
The pH value of the solution may also be a key factor for the photocatalytic 
reaction because it would affect the surface charge of the photocatalyst (Liotta et al., 
2009; Robert et al., 2000) and the formation of hydroxyl radicals between hydroxyl 




2006). The two-stage process performances by the 50%P25-PPG composite 
photocatalyst was investigated in an initial pH (pH0) range of 2-10. The experimental 
results obtained in the dark adsorption stage and photocatalytic degradation stages are 
summarized in Table 3-4. It appears that the solution pH has little effect on the 
adsorptivity of the composite photocatalyst. On the other hand, the effect of pH on the 
photocatalytic activity was more significant. The kapp value slightly increased first 
when the solution pH increased from pH 2.0 to 6.0, but decreased when the solution 
pH was further increased to 10. According to eq. (3-5), the low OH
−
 concentration in 
acidic conditions hinders the formation of hydroxyl radicals (•OH) with 
photogenerated positive holes (h
+
) and subsequently reduces the degradation rate. 
h+ + OHads
− →∙ OHads (3-5) 
On the other hand, both the TiO2 surface and phenol molecules are negatively 
charged under alkaline conditions. Thus, the Columbic repulsion led to the decrease 
of the photocatalytic activity. Besides, the adsorption of OH- ions onto TiO2 surface 
also created a competition with the phenolate anions, which can also result in a lower 
photocatalytic activity. Overall, the photocatalytic degradation process appeared to 
perform better under acidic condition than under alkaline condition.  
Table 3-4: Effect of pH on the adsorptivity and photocatalytic activity of 50%P25-
PPG  
initial pH 2.0 4.0 6.0 8.0 10.0 









0.0151 0.0161 0.0162 0.0128 0.0093 
 




The dosage of photocatalyst can be an important parameter in photocatalytic 
degradation process performance. Several studies reported that an optimal 
photocatalyst dosage existed for the maximum removal of phenol. This optimum 
dosage depends on the geometry of the reactor, light source intensity, and properties 
of TiO2 such as particles size, phase compositions and impurities (Chen et al., 2000b). 
This is due to that the increase of the photocatalyst dosage beyond the optimal range 
may result in unfavorable light scattering and thus reduction of the photon efficiency. 
In the same two-stage process setup, a variety of dosages ranging from 5 to 30g in 
400mL photoreactor were therefore tested. For the dosages greater than 10g, a longer 
dark adsorption period was allowed to establish the adsorption equilibrium before 
turning on the Xenon lamp for photocatalytic degradation to start. The experimental 
results in the effect of the composite photocatalyst dosage on the adsorption uptake 
and photocatalytic degradation activity of phenol are summarized in Table 3-5. When 
composite photocatalyst dosage increased from 5g to 20g, both phenol adsorption and 
photocatalytic degradation activity showed linear increases with the increase of the 
dosage. However, further increases of the photocatalyst dosage to 30g resulted in a 
decreased photocatalytic degradation activity, even although the adsorptivity 
continued to increase (due to increased amount of PAC component). Therefore, a 
proper dosage is indeed desirable. According to the phenol removal results in Table 3-
5, 10g to 20g composite photocatalysts dosage should be adequate for the 
photocatalytic degradation system used in this study (400 mL solution in the reactor 
with a 3.5 inch irradiation diameter), which is equivalent to 25-50 g.L
-1
 composite 
photocatalysts loadings or 1.35-2.7 g.L
-1
 P25 as calculated according to the measured 




Table 3-5: Effect of dosage on the adsorptivity and photocatalytic activity of 50%P25-
PPG 
dosage (g) 5.0 10.0 15.0 20.0 30.0 
amount adsorbed  
(mg.g
-1





0.0125 0.0162 0.0198 0.0247 0.0195 
 
(d) Effect of initial phenol concentration 
Under the same operation conditions, a variation in the initial concentration of 
phenol (C0) will result in different irradiation and reaction time required to complete 
the degradation process. The adsorption and photocatalytic degradation performances 
were studied at different initial phenol concentrations ranging from 10-80 mg.L
-1
. The 
solution pH value was controlled at 5.6-6.0. The results of the effect of C0 on phenol 
adsorption and the determined pseudo-first-order rate constants for phenol 
photocatalytic degradation are summarized in Table 3-6. Clearly, the amount of 
phenol adsorbed per unit weight of the composite photocatalyst increased with the 
increase of C0. However, the pseudo-first order rate constant, kapp, decreased with the 
increase of C0. This may be expected because only fixed amounts of TiO2 particles 
were available to produce hydroxyl radicals for phenol degradation. The fraction of 
phenol that could be degraded became smaller when the initial phenol concentration 
increased. 
Table 3-6: Effect of initial phenol concentration on the adsorptivity and 
photocatalytic activity of 50%P25-PPG  
initial phenol concentration (mg.L
-1
)   C0=10.0 C0=20.0 C0=40.0 C0=60.0 C0=80.0 
amount adsorbed  
(mg.g
-1














3.4.  Conclusions 
The buoyant composite photocatalysts were successfully prepared by thermal 
immobilization of PAC and P25 onto PPG at temperature slightly higher than its 
melting temperature. All the prepared photocatalysts had density less than that of 
water, and can float on water surface. Composite photocatalysts of different 
compositions were prepared by varying the P25: PAC ratios in the powder mixture. 
The actual photocatalysts composition was analyzed by TGA. Higher amount of PAC 
immobilization can be achieved with higher PAC percentage in the powder mixture. 
Whereas, the dependence of the amount of P25 immobilized on the substrate on the 
percentage of P25 in the powder mixture was not significant. The FESEM observation 
confirmed that both P25 and PAC were uniformly distributed on the PPG surface. The 
adsorptive and photocatalytic performances of the obtained photocatalysts were 
evaluated for phenol removals in aqueous solutions under various experimental 
conditions. The higher PAC percentage in the powder mixture lead to better 
adsorptivity and the adsorption isotherm can be well described by the Langmuir 
model.  Enhanced photocatalytic degradation activity was observed with the 
composite photocatalysts prepared by P25 and PAC powder mixture, especially at the 
composition of that for the 50%P25-PPG. The synergistic effect of the P25-PAC 
combination has been found from the increase in the photocatalytic activity and in the 
shielding effect on inhibitory inorganic ions, thus, confirming the hypothesis that 
enhanced photocatalytic activity can be achieved by concentrating organic molecules 
around the photocatalysts with PAC as the adsorbent. The kinetics of the phenol 
degradation by the composite photocatalysts fits well with the Langmuir–
Hinshelwood model. The operation parameters were further studied with 50%P25-




and has the optimal photocatalysts dosage at 1.35-2.7 g.L
-1
 P25 under the 
experimental condition used in this study.  
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Chapter 4: A Buoyant Composite Photocatalyst Prepared by 
a Two-Layered Configuration and Its Enhanced 
Performances in Phenol Removal from Aqueous Solutions 
4.1. Introduction       
Among the many developments in TiO2-based photocatalytic degradation 
processes, buoyant photocatalysts have offered a good solution to achieve high light 
utilization efficiency and low post separation cost (Han and Bai, 2009). Buoyant 
photocatalysts can allow photocatalytic degradation to take place on water surface and 
thus achieve greater utilization efficiency of the light provided because light 
attenuation is much lower in air than in water medium (Fabiyi and Skelton, 2000; Han 
and Bai, 2009). Enhanced oxygenation of buoyant photocatalysts at the water/air 
interface is also obtained due to the higher oxygen content at the water/air interface 
than that in water. Beside, buoyant photocatalysts can be easily separated from the 
treated water and thus eliminate the post separation issue often concerned. However, 
the use of those macro-supports as the substrate may result in low photocatalytic 
performance, due to the limited amount of TiO2 immobilized on the substrate 
(Matthews, 1988; Turchi and Ollis, 1988), and the buoyant photocatalysts can reduce 
the mass transfer rate of organic pollutants in the bulk solution to the photocatalysts 
on the water surface, attributed to the large transport distance and the non-adsorptive 
feature of the photocatalysts used (Ahmed et al., 1999; Naskar et al., 1998). The 
detachment of immobilized TiO2 particles from the substrate sometimes may also 
become a concern during long periods of usage (Chen et al., 2000a; Krýsa et al., 




provide excellent stability to photocatalytic degradation for the prepared product, the 
use of such substrate was generally expensive in the material as well as for the 
immobilization of TiO2, besides their being very fragile in handling. In contrast, low 
density thermoplastics, such as polypropylene (PP), have been more preferred for 
TiO2 immobilization to prepared buoyant photocatalysts. The plastic substrates can 
offer the advantages of low price, reasonably good mechanical strength, good UV 
and/or chemical stability, and excellent processing flexibility in the final shape and 
dimension of the products. To minimize the effect of low mass transfer rate and thus 
increase the photocatalytic efficiency, co-adsorbents have been used together with the 
TiO2 photocatalyst, particularly such as in the case of combining TiO2 with powdered 
activated carbon (PAC) (Li Puma et al., 2008; Lim et al., 2011). In the previous 
chapter, we have successfully prepared buoyant composite photocatalysts through a 
thermal bonding process, by immobilizing TiO2 nanoparticles as the photocatalytic 
component and PAC as the co-adsorbent in a mixture simultaneously onto the 
polypropylene granule (PPG) substrate (Tu et al., 2013). The study showed that the 
PAC component in the composite photocatalysts helped concentrating the organic 
pollutants in the bulk solution to the vicinity of the photocatalyst particles and thus 
made the photocatalytic degradation process of phenol more efficient and less 
dependent on its concentration in the bulk solution. However, the buoyant composite 
photocatalysts prepared by simultaneously immobilizing PAC and P25 together 
showed some detachment of the P25 nanoparticles and thus unstable performance 
after extended long periods of usage, attributed to the slow photocatalytic degradation 
of the PPG substrate immobilized with P25 particles in the process. Therefore, it is of 




buoyant composite photocatalyst for its potential use in long term practical 
applications for organic pollutant removal. 
In this chapter, a new method of preparing buoyant composite photocatalyst with 
better stability and performance was developed through a novel two-layered 
configuration, i.e., a PAC layer followed by a P25 layer, on the PPGs. PAC was used 
in this study not only as a good co-adsorbent, but also as an inert material that can 
resist radical attack to wrap and therefore protect the PPG substrate. Instead of 
directly immobilizing a mixture of PAC and P25 onto the PPG surface, an entire PAC 
layer was first anchored onto the PPG surface in this study through a thermal bonding 
process similar to that used in chapter 3. Then, another layer of P25 nanoparticles was 
loaded onto the PAC-immobilized PPG (denoted as PPG-PAC) by a new suspension 
hydrothermal deposition method. The large specific surface area of the anchored PAC 
may also help to achieve more P25 nanoparticles being loaded on the prepared 
buoyant composite photocatalyst (PPG-PAC-P25). Phenol was again selected as a 
target organic pollutant to evaluate the performances of the developed buoyant 
composite photocatalyst. A series of characterization analyses and photocatalytic 
degradation tests were conducted. The primary objectives of this study are to examine 
how the two-layered configuration, i.e., placed PAC between the PPG substrate and 
the P25 photocatalytic particles, would enhance the structural stability and the 






4.2.1. Preparation of buoyant composite photocatalyst in two-layered configuration  
The raw materials, the PPG substrate, P25 photocatalysts and PAC, are the same 
as mentioned in Chapter 3. The cleaned PPGs were first immobilized with a PAC 
layer as described in Section 3.2.2 with entirely the PAC powder. The PAC-
immobilized PPGs (denoted as PPG-PAC) were collected and cooled down naturally 
to the room temperature in a fume hood. Then, the PPG-PAC was washed thoroughly 
with an ethanol/water (20/80 volume) mixture, followed by tap water for several 
rounds till no obvious black solids were observed in the washing water. After that, the 
cleaned PPG-PAC was dried in an oven at 80°C overnight, and then cooled down 
naturally and stored for further use. To load P25 nanoparticles onto PPG-PAC, a 
homogeneous P25 nanoparticle suspension was prepared using a hydrothermal reactor 
(900 mL, Berghof Br900, Germany) with isopropyl alcohol (IPA, AC grade, from 
Tedia) as the solvent (Han and Bai, 2009). 15 g of P25 and 300 mL of IPA were 
added into the reactor vessel. The reactor was tightly closed and the contents in the 
reactor were stirred with a PTFE lined stirrer bar at 500 rpm and heated up to 180 °C 
on a hotplate stirrer (Heidolph, Germany). The process was continued at 180 °C for 4 
hours. After that, the contents in the reactor were slowly cooled down to the room 
temperature and transferred into a 500 mL amber glass bottle while maintained 
stirring at 500 rpm all the time. The P25 suspension so prepared in IPA was found to 
be very stable (Lee et al., 2010), and was also expected to enhance the interaction of 
P25 with PAC in the following immobilization process (Kusiak-Nejman et al., 2011; 
Leon y Leon et al., 1992; Rodríguez-reinoso, 1998). Then, 20 grams of the cleaned 
PPG-PAC were soaked into 50 mL of the above prepared P25 suspension for 30 min 




The beaker was covered with a piece of aluminum foil to minimize the evaporation of 
IPA. After that, the P25-loaded PPG-PAC granules were separated from the solution 
with a sieve, and then slowly dried in the fume hood with medium ventilation. The 
loaded P25 layer on PPG-PAC was subsequently cured in an oven, with a 
programmed heating process from 80 to 145 °C, and stayed at 145 °C for 90 min, 
before finally cooled down to the room temperature naturally. The curing process was 
not only to reinforce the P25 TiO2 deposition layer, but also, at the same time, to 
remove any adsorbed IPA by the PAC on PPG-PAC. The soak-dry-cure cycle was 
repeated for another round for more P25 nanoparticles to be loaded onto PPG-PAC. 
The product so obtained in this study will be referred to as the PPG-PAC-P25 buoyant 
composite photocatalyst or in short PPG-PAC-P25. The developed composite 
photocatalyst was also washed with tap water to remove any possible loosely loaded 
P25 nanoparticles before further use. To compare the performance, composite 
photocatalyst described in Chapter 3 by the previous method were also prepared.  
4.2.2. Characterization of prepared composite photocatalysts  
The actual compositions of the prepared PPG-PAC-P25, 25%P25-PPG and 
100%P25-PPG composite photocatalysts, as well as the PPG substrate and the PPG-
PAC intermediate, were determined using the thermal gravimetric analyzer (TGA, 
TGA2950, DuPont Instruments, USA). The detailed procedure was the same as 
mentioned in Section 3.2.3 of Chapter 3. 
The surface morphologies of PPG-PAC, 25%P25-PPG and PPG-PAC-P25 were 
examined with a field emission scanning electron microscope (FESEM, JEOL JSM-
6700F, Japan) under 5kV electron beam, following the standard measurement 




4.2.3. Stability tests against photocatalytic degradation and mechanical attrition  
The stability of the prepared composite photocatalysts was tested against the 
photocatalytic degradation and mechanical attrition. The changes of the total dry 
weight of the composite materials and the solution turbidity and total organic carbon 
(TOC) content were monitored and analyzed. The tests were conducted in a 
photocatalytic reactor system consisting of a customized jacketed cylindrical reactor 
(8.5 cm outer diameter, 7.5 cm inner diameter, 9 cm height, and 400 mL capacity), an 
external water circulator (Julabo, Germany) for the temperature control (at 25°C), a 
porous stone diffuser placed at the reactor bottom to provide aeration and mixing for 
the contents in the reactor, and a 150 W Xenon lamp (Newport, USA) installed 10 cm 
above the solution surface in the reactor to provide UV light irradiation (69 mm 
radiation diameter and around 48 W.m
-2 
UV light power) when needed. For a specific 
test in the photocatalytic degradation stability of the materials, a certain amount of 
each type of the prepared composite photocatalysts (corresponding to a loading 
amount of 138 mg P25) was suspended in 200 mL ultrapure water in the reactor. The 
exact dosages for each type of the composite photocatalysts added in the experiments 
are given in Table 4-1 under the column title of “5. Dosage (P25)”. For a test run 
(with UV light irradiation on and air bubbling) reaching a designated time duration, 
the contents in the reactor were transferred into a 400 mL glass beaker and heated to 
boiling on a hotplate (Heidolph, Germany) for 3 mins to release any possibly 
adsorbed organic matters on the PAC component of the composite photocatalyst 
(Crittenden et al., 1997). The turbidity of the solution was then measured with a 
portable spectrophotometer (Hach DR/2010, US), and the TOC of the solution was 
analyzed with a TOC analyzer (Shimadzu TOC-VCPH with ASI-V auto sampler, 




an indication in the extent of photocatalytic degradation of the composite 
photocatalyst, if any. In addition, the composite photocatalyst granules in the solution 
were collected with a sieve, dried in an oven at 80°C overnight, and then re-weighted 
after cooled down to room temperature to determine whether any weight loss and how 
much occurred. The composite photocatalyst granules were then re-suspended in a 
new batch of 200 mL ultra-pure water and another round of the irradiation-boil-dry 
cycle was conducted. This was continued until a total 120 hours of the photocatalytic 
degradation time were reached for each type of the prepared composite 
photocatalysts. Similar tests were also conducted for the PPGs and PPG-PAC that did 
not have the P25 component (In these cases, the dosages of P25 in the solution were 
determined according to the PPG and P25 contents in the PPG-PAC-P25 sample, and 
thus 11.85 g of PPG and 138 mg P25 were added into the solution, the latter was to 
provide the photocatalytic component and thus incur the photocatalytic degradation 
capability). In these cases, the solution turbidities were not measured but TOC 
analyzed. The stability of the prepared composite photocatalysts against mechanical 
attrition and mixing was also tested with the same procedure as mentioned above, but 
without the UV light irradiation. This was to examine to what extent the PAC and P25 
particles may be detached from the PPG substrate due to operational factors such as 









The adsorptive property of the various types of prepared buoyant composite 
photocatalysts was evaluated through adsorption of phenol in aqueous solutions under 
dark condition. The experiments were carried out in a number of 250 mL Erlenmeyer 
flasks, each of which, containing 200 mL phenol solution with an initial phenol 
concentration at 20 mg L
-1
 and an initial solution pH value 5.6, was added with an 
appropriate amount of a specific type of the prepared buoyant composite 
photocatalysts that contained the same amount of immobilized PAC component (at 
around 241 mg). The exact weight dosages for each type of the composite 
photocatalysts in the experiments are also included in Table 4-1 under the column title 
of “4. Dosage (PAC)”.  Each flask was sealed and wrapped with an aluminum foil and 
the contents in all the flasks were stirred on a shaker at 170 rpm under the room 
temperature (25± 1°C) for 48 hours. All the tests are triplicated to ensure accuracy 
(n=3). The remaining phenol concentration in the solution in each flask was measured 
at various time intervals and the specific amount of phenol adsorbed per unit gram of 





)( 0   
(4-1) 
where qt is the specific amount of phenol adsorbed (mg.g
-1
 of PAC) at adsorption time 
t, V is the volume of phenol solution in each flask (0.2 L), C0 (mg L
-1
) and Ct (mg L
-1
) 
are the phenol concentrations in the solution initially (t=0) and at adsorption time t, 
respectively, and M is the mass of PAC on the composite photocatalysts added in each 
flask (0.241 g).   
The adsorptive performance of the 100%P25-PPG composite photocatalyst was 




experiments were similarly done as described above but the amount of 100%P25 PPG 
added into each flask was according to a loading of 138 mg P25, so that the specific 
amount of phenol adsorbed (qt) by 100%P25-PPG was calculated according to P25 
amount, M=0.138g. 
4.2.5. Phenol removal experiments with prepared composite photocatalysts 
The behavior and performance of phenol removal by the three types of the 
buoyant composite photocatalysts (i.e., PPG-PAC-P25, 25%P25-PPG and 100%P25-
PPG) was investigated with the same photocatalytic reactor system mentioned before 
in Section 4.2.3. For experiments with combined adsorption and photocatalytic 
degradation effects in phenol removal, a quantity of each type of the prepared 
composite photocatalysts, corresponding to an immobilized P25 amount of 138 mg, 
was suspended in the phenol solution (with a solution volume of 220 mL and initial 
phenol concentration of Cin=20 mg L
-1
, containing NaCl at 0.5 wt. %) in the reactor 
that was put under the UV light irradiation. The phenol concentration in the solution 
was monitored until the complete removal of phenol in the solution or 11 hrs of 
operation run, whichever was shorter, was reached. During the test runs, about 2 mL 
sample solution was taken at each of the desired time intervals and used for the 
analysis of phenol concentration remained in the solution in the reactor by a UV/VIS 
spectrophotometer (Jasco V-660, Japan) at λmax=270 nm. All the tests are triplicated 
to ensure accuracy (n=3).  
Experiments were also conducted on the kinetic removal of phenol by 
photocatalytic degradation by separating the effect of adsorption on phenol removal in 
the process. Each type of the prepared composite photocatalysts was first added into 




wrapped with an aluminum foil. The flask was placed on a shaker stirred at 170 rpm 
under the room temperature (25±1°C) for 72 hrs to establish adsorption equilibrium of 
phenol on the material. The content in the flask was then transferred into the 
photocatalytic reactor with the UV light irradiation for the photocatalytic degradation 
process to start. The initial phenol concentration in the solution for the photocatalytic 
degradation process, C0, was determined after the 72 hrs dark adsorption. Other 
conditions in the experiments were the same as described above and the 
photocatalytic degradation process continued for 4 hrs. Samples were taken and 
analyzed for phenol concentration in the solution at various time intervals. 
4.2.6. Batch tests on recyclable usage of developed composite photocatalyst 
In order to evaluate the possible long-term service potential of the developed 
composite photocatalyst, a series of repeated batch runs using PPG-PAC-P25 for 
phenol removal was conducted in the same photocatalytic reactor system as 
mentioned earlier. A 12.3 g amount of PPG-PAC-P25 was firstly added to 200 mL of 
the phenol solution with an initial concentration of 20 mgL
-1
 under UV light 
irradiation for direct phenol removal (i.e., without the 72 hrs dark adsorption 
equilibrium stage). After a complete phenol removal was achieved (in 10 hrs), the 
composite photocatalyst was collected and immediately re-suspended into another 
fresh batch of 200 mL of the phenol solution, without any washing or drying process, 
for the next round of phenol removal. The concentrations of phenol and TOC in the 
solution were both measured before and after the 10 hrs run to determine their 
removal efficiencies achieved in each repeated run. A total of 20 cycles was 










4.3. Results and discussions 
4.3.1. Characteristics of prepared buoyant composite photocatalysts 
The results from the TGA analysis for the actual compositions of the three types 
of prepared composite photocatalysts (i.e., PPG-PAC-P25, 25%P25-PPG and 
100%P25-PPG), and for the PPG substrate as well as the PPG-PAC intermediate, are 
shown in Figure 4-1, and summarized in Table 4-1. For the PPG substrate, about 
99.5% of the total mass was lost in the temperature range of 200-400 °C with nitrogen 
as the carrier gas and the remaining (0.5%) was stable at the temperature up to 800 °C 
and with air supply to the furnace. This suggests that the PPG substrate contained 
about 99.5% of easily decomposed organic content and the remaining 0.5% that 
cannot be completely burnt off (denoted as “Others” in Table 4-1) may be attributed 
to inorganic impurities or additives contained in the PPG substrate. For the PPG-PAC 
intermediate, the PAC component appeared to be completely burnt off in the 
temperature range of 400-700 °C with air supply to the furnace, which contributed to 
about 2.58% of the total weight lost, and the remaining (about 0.5%) remained stable 
in the temperature range up to 800 °C, indicating those inorganic components 
contained in PPG. For 100%P25-PPG, weight loss again occurred for PPG in the 
temperature range of 200-400°C, but no further weight change was observed after 
400°C in the air environment in the furnace, suggesting that the P25 component was 
stable at temperature up to 800°C. Hence, it can be confirmed that the two stage TGA 
measurements (from room temperature to 400°C with N2 as carrier gas followed by 
400-800°C with air as carrier gas) can clearly distinguish and thus give the 
composition information contained in the prepared composite photocatalysts (i.e., the 
PP polymer, PAC and P25 components). For the other two composite photocatalysts 




weight loss patterns were found to be similar to each of the specific components of 
PPG, PAC and P25 mentioned above. The analysis also clearly showed, as given in 
Table 4-1, that the composite photocatalyst prepared by the new method (PPG-PAC-
P25) achieved much lower amount immobilization for both the PAC and the P25 
components than that prepared by the previous method (25%P25-PPG) on the PPG 
substrate.  
 
Table 4-1: Actual compositions of the substrate and the prepared composite materials 
obtained from the TGA analysis 
1. Photocatalysts 
Type 









 (g) PP PAC P25 Others 
PPG 99.50 0.00 0.00 0.50 - - - 
PPG-PAC 96.93 2.58 0.00 0.49 - 9.344  
PPG-PAC-P25 96.43 1.96 1.12 0.48 1 : 1.75 12.30 12.30 
25%P25-PPG 89.10 6.00 4.40 0.47 1: 1.35 4.018 3.131 
100%P25-PPG 86.00 0.00 13.6 0.46 - 1.013 1.013 
*
: The dosage is calculated according to 241 mg PAC immobilized on the PAC-PPGs 
substrates, except 100%P25-PPG that based on 138 mg of P25. 
#






Figure 4-1: Results from TGA analysis for the PPG substrate and the prepared 
various composite photocatalysts or intermediate 
The FESEM images showing the surfaces of PPG-PAC, 25%P25-PPG, PPG-
PAC-P25 and P25 after the IPA hydrothermal treatment are shown in Figure 4-2. 
Although PPG had a smooth surface (figure not included), the PPG-PAC was 
observed to have a PAC layer completely covered or sheltered the PPG surface; as 
shown in Figure 4-2(a). The P25 nanoparticles, formed aggregates of uneven sizes, 
were observed on the surface of 25%P25-PPG and did not completely and uniformly 
cover the surface of the composite (see Figure 4-2(b)). As indicated by the blue 
circles, there are large expososed PAC on 25%P25-PPG. On the other hand, PPG-
PAC-P25 showed a much more uniformly distributed P25 nanoparticle porous layer 
on the PPG-PAC intermediate; see Figure 4-2(c) and Figure 4-2(d). The exposed 
PAC areas on PPG-PAC-P25 were indictaed by the red circles in Figure 4-2(d), the 
exposed areas are generally smaller than that of 25%P25-PPG in Figure 4-2(b) and 
well-distributed on the entire surface. The IPA-hydrothermally treated P25 
nanoparticles, as shown in Figure 4-2(e), appeared to experience some extent of 
agglomeration when they were loaded onto the PAC of the PPG-PAC intermediate, 






























thus produced a micro-porous P25 layer on the prepared composite photocatalyst of 
PPG-PAC-P25 in this study, which may be beneficial for the utilization of the 
immobilized PAC middle layer in the developed composite photocatalyst. 
 
Figure 4-2: FESEM images for (a) PPG-PAC, (b) 25%P25-PPG, (c) PPG-PAC-P25 

















4.3.2. Stability performance against mechanical attrition and photocatalytic 
degradation  
 
Figure 4-3: Effect of mechanical attrition and photocatalytic degradation on the 



























 PPG(attrition)                    PPG(UV)
 PPG-PAC(attrition)           PPG-PAC(UV)
 PPG-PAC-P25(attrition)   PPG-PAC-P25(UV)
 25% P25-PPG(attrition)    25% P25-PPG(UV)
 100%-P25-PPG(attrition)  100% P25-PPG(UV)
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 25% P25-PPG(attrition)     25% P25-PPG(UV)







solution turbidity (Data shown by filled marks are for mechanical attrition and those 
by unfilled marks are for photocatalytic degradation)(n=3) 
For practical applications, the mechanical durability and the stability against 
photocatalytic degradation for the prepared composite photocatalysts are of great 
interest. The dry weight changes of the prepared various composite photocatalysts due 
to the mechanical attrition by air bubbling and magnetic stirring and the 
photocatalytic degradation under UV light irradiation and the corresponding turbidity 
changes in the solutions are shown in Figure 4-3. From Figure 4-3(a), weight losses 
can be observed for 25%P25-PPG (about 7.33%) and 100%P25-PPG (about 6.00%) 
during the first 6 hrs due to mechanical attrition, and in the following 114 hrs tested, 
almost no further changes were found, which suggests that a portion of the P25 and 
PAC particles that were not firmly attached to the PPG surface can be torn off by the 
turbulence and collision effect during the initial process life of 25%P25-PPG and 
100%P25-PPG. The PPG-PAC also showed a slight dry weight lost in the first 6 hrs 
(about 1%); possibly due to the drop of some loosely bounded PAC particles, but no 
further weight change was observed in the following 114 hrs, indicating that the 
immobilized PAC layer was firmly attached to the PPG substrate.  The PPG-PAC-P25 
composite photocatalyst showed a similar dry weight change to that of PPG-PAC, 
confirmed that the P25 layer was also firmly loaded on the PPG-PAC. Hence, the 
developed PPG-PAC-P25 composite photocatalyst in this study exhibited a 
reasonably good physical stability. As expected, no dry weight change was observed 
for the PPG substrate during the entire test period. In Figure 4-3(b), higher solution 
turbidity values can be observed in the early stages of the test runs and almost 
negligible solution turbidity was found in all the subsequent period of the test runs 
during the mechanical attrition experiments. Also, PPG-PAC-P25 showed much 




to some particles detached from the composite photocatalysts and presented in the 
solutions. 
The changes of dry weight of the composite photocatalysts and the solution 
turbidity due to photocatalytic degradation with the 150W Xenon lamp switched on in 
the process are also shown in Figure 4-3(a) and 4-3(b), respectively (indicated by the 
unfilled marks). More significant weight losses were found for 100%P25-PPG, 
followed by 25%P25-PPG and PPG, but PPG-PAC-P25 showed only a slight weight 
loss; see Figure 4-3(a). Similar changes in the solution turbidity to those of dry 
weight losses are observed for the cases of 100%P25-PPG, 25%P25-PPG, and PPG-
PAC-P25; see Figure 4-3(b).  
 
Figure 4-4: The changes of solution TOC for different composite photocatalysts 
during photocatalytic degradation process (the insert shows the enlarged graph in the 
initial stage)(n=3) 
The possible leaching of organic matters (i.e., PPG) from the composite 
photocatalysts to the solution due to photocatalytic degradation is shown as TOC 
values in the solutions in Figure 4-4. Although no weight loss of PPG was observed 
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under mechanic attrition, continuous weight loss of PPG due to photocatalytic 
degradation under UV light irradiation is observed in Figure 4-3 and this is converted 
to the TOC increase in the solution, as shown in Figure 4-4. Similar to the changes of 
turbidity, the increase of solution TOC in the case of 100%P25-PPG and 25%P25-
PPG was significant, much greater than that of PPG.  The TOC results again confirm 
that PPG-PAC-P25 was reasonably stable and did not contribute much to the solution 
TOC. 
The results in Figures 4-3 and 4-4 indicate that the photocatalytic degradation of 
the PPG substrate, at least partly, contributed to the weight loss and turbidity increase. 
This may be explained by the photocatalytic degradation of the polymer substrate by 
the produced radicals at around the P25 aggregates directly attached on the surface of 
the substrate (Nawi and Zain, 2012). When the exposed polymer molecules around 
the active photocatalyst component was being degraded, some of the immobilized P25 
nanoparticles (perhaps some PAC as well) may drop into the solution, especially for 
those loosely attached during the first 6 hours, resulting in the observed weight loss 
and turbidity or TOC increase. The dry weight of 25%P25-PPG and 100%P25-PPG 
continued to decrease but at a lower rate and seemed never ceased, indicating a 
continuous degradation of the polymeric substrate by the radicals produced by the 
immobilized P25 nanoparticles remained on the substrate. Similar observation was 
also reported by other researchers for directly immobilized TiO2 nanoparticles on 
polyethylene film (Thomas et al., 2013) and polyvinyl chloride sheet (Cho and Choi, 
2001). The results hence suggest that the composite photocatalysts prepared by the 
previous direct thermal immobilization method were somewhat prone to or not stable 
enough to resist the photocatalytic degradation of the PPG substrate. The total weight 




irradiation were hence due to both the photocatalytic degradation of the polymeric 
substrate and the drop-off of some of the immobilized PAC and P25 particles in the 
process. On the other hand, almost no difference was observed between the weight 
loss due to mechanical attrition and that of photocatalytic degradation of PPG-PAC, 
indicated that the PAC layer on the PPG substrate protected the substrate polymer 
from being degraded in the photocatalytic process (Han and Bai, 2010, 2011; Iketani 
et al., 2003; Kasanen et al., 2011b; Matsuzawa et al., 2008; Sánchez et al., 2006; 
Yuranova et al., 2006), which is desired in this study. Slight more weight loss was 
observed for PPG-PAC-P25 than for PPG-PAC in the UV induced photocatalytic 
degradation process and a light TOC increase in the first 6 hours, possibly due to the 
oxidation of PAC, was found (Haarstrick et al., 1996). However, no further weight 
change was observed with PPG-PAC-P25, nor as well as the solution turbidity and 
TOC after. Hence, it could be concluded that the PAC and P25 immobilized by the 
two separate layered configurations on PPG-PAC-P25 provided good strength to 
resist the mechanical attrition, as well as enhanced chemical stability against the 
photocatalytic degradation of the prepared composite materials.    
The changes in the appearance of the various materials before and after the 120 
hours of photocatalytic degradation test with UV irradiation are shown in Figure 4-5. 
The color of the PPG substrate changed from transparent to light yellow and its 
surface hydrophobicity was also found to be decreased in the P25 suspension in the 
process. All these evidences indicate that the PPG substrate itself is degradable by the 
highly reactive radicals produced from the P25 photocatalyst under UV irradiation. 
For 100%P25-PPG, the P25 layer on it appeared to become much thinner after the 
120 hrs of photocatalytic degradation, attributed to the loss of some P25 particles 




photocatalytic degradation. The color of PPG-PAC changed to slight grayish from 
completely black after the 120 hrs of contact in the P25 suspension, indicating that 
some P25 nanoparticles may be attached to the PAC surface on PPG-PAC, perhaps by 
electro-static attractive force (Lim et al., 2011) or due to its rough surface (Matsuzawa 
et al., 2008). For 25%P25-PPG and PPG-PAC-P25, no distinguishable visual changes 
by the eyes can be observed for their surface appearance before and after the 120 hrs 
of photocatalytic degradation test. 
 
Figure 4-5: Photos of the PPG substrate, the prepared intermediate and composite 
photocatalysts before and after 120 hours of photocatalytic degradation test under 
UV light irradiation 
4.3.3. Adsorptive property (under dark condition)  
The results in the adsorption of phenol under dark condition with the various types 
of prepared composite materials as a function of the adsorption time are shown in 
Figure 4-6. As expected, the 100%P25-PPG composite which contained no adsorbent 
component (i.e., PAC) did not show any adsorptive property for phenol. The amount 
of phenol adsorbed by the PPG-PAC intermediate was the highest, indicating that the 
PAC component used in the preparation of the composite photocatalyst was a very 
effective adsorbent for phenol. Although having the same amount of PAC component, 
PPG-PAC achieved 2.5 times higher phenol adsorption than 25%P25-PPG and 4.5 
times higher than PPG-PAC-P25, suggesting that the PAC component on PPG-PAC 
















was more exposed than that on 25%P25-PPG or PPG-PAC-P25 for phenol adsorption. 
For 25%P25-PPG which was prepared by the previous method, the P25 nanoparticles 
and the PAC powder were mixed together before they were simultaneously 
immobilized on PPG. It was observed that some P25 particles directly loaded on the 
surface of PAC while both the P25 and PAC components can also be directly loaded 
on the surface of the PPG substrate side by side. Hence, the adsorptive performance of 
PAC on 25%P25-PPG became much lower than that of PPG-PAC, but was still 
significant. For PPG-PAC-P25 prepared by the two-layered configuration new 
method in this study, the surface of PAC was the only place for the loading of the P25 
nanoparticles. Some further block of the PAC surface on PPG-PAC by the P25 
nanoparticles was expected and, therefore, the adsorptive performance of PAC on 
PPG-PAC-P25 became lower than that of 25%P25-PPG (Rodríguez-reinoso, 1998). 
Nevertheless, the PPG-PAC-P25 composite photocatalyst still displayed a remarkable 
amount of adsorption for phenol, as compared to 100%P25-PPG. Thus, the adsorptive 
property of the prepared composite photocatalyst with both the photocatalyst and the 
adsorbent components can be expected to provide enhanced mass transfer for 
concentrating organic pollutants from bulk solution and makes them readily available 
for the photocatalyst component for degradation, possibly leading to more effective 
photocatalytic degradation performance for phenol. However, it can be arguable that 
too high adsorption capacity for the composite photocatalyst may not always be 
desired because it can lead to the coverage of the photocatalyst component by the 
adsorbed substances and thus reduce its degradation capability or rate. The optimum 
combination of the adsorbent and photocatalyst components in the prepared 





Figure 4-6: Adsorptive property of various composite materials (under dark 
condition)(n=3) 
4.3.4. Phenol removal performance 
 
Figure 4-7: Phenol removal by the three types of composite photocatalysts due to 
both adsorptive and photocatalytic degradation effects (C0 = 20 mg.L
-1
)(n=3) 
The results in the phenol removals by the three types of composite photocatalysts 
due to their combined adsorption effect and photocatalytic degradation effect are 
shown Figure 4-7. PPG-PAC-P25 is observed to achieve a complete phenol removal 
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in about 8 hrs, and 25%P25-PPG take around 11 hrs to achieve that. Although 
25%P25-PPG showed a faster phenol removal in the first 1 h, possibly due to its 
better adsorptive property as mentioned in previous section, its total removal 
efficiency of phenol became lower than that of PPG-PAC-P25 in the rest of the time 
tested. For 100%P25-PPG that did not have the adsorptive property for phenol, about 
64.93% of phenol removal was achieved at the end of the 11 hrs of photocatalytic 
degradation tested. Since all the three types of composite photocatalysts had the same 
amount of P25 photocatalyst component, the results in Figure 4-7 hence suggest that 
there was a beneficial effect on the phenol removal efficiency with the combination of 
PAC and P25 on the composite photocatalysts.  Moreover, the concentrations of 
phenol in the solutions were found to decrease almost linearly with the reaction time 
(i.e., the data lines are somewhat straight) even though the phenol concentration in the 
solution became lower and lower. This phenomenon suggests that the photocatalytic 
degradation process by the composite photocatalysts was much less dependent on the 
concentration in the solutions, confirming the hypothesis that the PAC component 
helped concentrate the organic pollutants from the solution and provided them to the 
P25 photocatalyst component for degradation, which leads to the photocatalytic 
degradation process being less dependent on the concentration in the solution. On the 
other hand, the photocatalytic degradation of phenol by P25 from the PAC component 
helped the regeneration of the PAC component on the composite photocatalyst and 
thus sustained its adsorption uptake. Therefore, it can be concluded that the 
combination of the photocatalytic component and the adsorbent component in the 
composite photocatalyst produced some synergistic effect. For the 100%P25-PPG 
composite photocatalyst, the concentration profile over time also changed almost 




phenol in the solution may not be the major controlling factor for the photocatalytic 
degradation of phenol, leading to the observed linearity. 
The photocatalytic degradation removal of phenol from the aqueous solution by 
the three types of composite photocatalysts was further examined by first allowing 
them to stay in the solution under dark condition to reach adsorption equilibrium and 
then switching on the UV light irradiation for photocatalytic degradation of phenol to 
start. This was to separate the adsorption effect from photocatalytic effect in phenol 
removal in the process. The photocatalytic degradation process was continued for 
another 4 hrs and the phenol concentration in the solution was monitored. The 
photocatalytic degradation data has been found to be well fitted by a mono-
exponential curve, as shown in Figure 4-8, which suggests that a pseudo-first-order 
kinetic model can be applied to describe the kinetic behavior of photocatalytic 
degradation of phenol. The pseudo-first-order kinetic model with respect to the instant 




= kappC           (4-2) 
where kapp denotes an apparent pseudo-first-order rate constant. 
 The integration of Eq. (4-2) with the initial condition of C=C0 at irradiation 
time t=0 hr (the initial bulk solution concentration after the dark adsorption) leads to a 
linear relationship of LN(C0/Ct) versus t (eq. (2-24)), which is used to model the data 
from the photocatalytic degradation process and the results are shown in Figure 4-8. 
The value of kapp that is an indication of the photocatalytic activity of a composite 
photocatalyst is determined from the slope of the linear plot and is also included in 





Figure 4-8: Kinetic study of phenol removal by photocatalytic degradation by the 
three types of composite photocatalysts (25%P25-PPG, 100%P25-PPG, and PPG-
PAC-P25) and the linear fitting of the data with the pseudo-first order reaction rate 
model, eq.( 2-24)(n=3) 
As expected, all the PAC-containing composite photocatalysts (PPG-PAC-P25 
and 25%P25-PPG) achieved a much greater photocatalytic activity than that of 
100%P25-PPG (as greater kapp values). The results again reveal that the addition of 
PAC as the adsorbent component created a synergistic effect on the photocatalytic 
degradation performance. In addition, PPG-PAC-P25 also showed higher 
photoactivity than that of 25%P25-PPG. Two possible explanations may be provided 
for the improved photocatalytic activity of the PPG-PAC-P25 composite 
photocatalyst. One reason may involve the good dispersity of P25 and PAC particles 
on the PPG substrate. For PPG-PAC-P25, the first thermal immobilization step 
ensured a complete PAC layer to be loaded on PPG and the second solution 
deposition step ensured a uniform distribution of the segregated (not clustered) P25 
nanoparticles to be immobilized on PPG-PAC. In contrast, for 25%P25-PPG, some 
P25 aggregates loaded directly on the surface of PAC and others directly onto PPG 
substrate, shoulder to shoulder with PAC particles, being partly blocked. One of the 
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widely accepted photocatalytic degradation pathway with TiO2/AC composite 
involves the first adsorption of organic molecules on the adsorption site, followed by 
the migration to active sites on the surface of photocatalyst for photocatalytic 
degradation (Lim et al., 2011). Therefore, the two layered configuration in the 
preparation of PPG-PAC-P25 in this study seemed to create a combination of P25 and 
PAC, leading to efficient reversible adsorption of phenol molecules, short traveling 
distance from adsorbed site to the active centers of photocatalyst and thus a higher 
degradation capability (Sellappan et al., 2011). Secondly, the PAC layer on PPG-
PAC-P25 also acted as a barrier layer to prevent the photocatalytic degradation of the 
PPG substrate. There was no such barrier on 25%P25-PPG, and it is possible that 
some of the generated radicals were consumed by the degradation of the polymer 
substrate around the P25 photocatalyst, rather than for the phenol molecules, and 
hence reduced its photocatalytic activity towards the removal of phenol. 
4.3.5. Recyclability 
For practical application, photocatalyst is always expected to have a long lifetime 
or be recyclable for multi-cycle uses. The results from the recyclability tests on the 
percentages of total phenol disappearance and TOC removals by the two typical types 
of composite photocatalysts (PPG-PAC-P25 and 25%P25-PPG) are shown in Figure 
4-9. Both PPG-PAC-P25 and 25%P25-PPG achieved an almost complete phenol 
disappearance in the solution in the first round test. For 25%P25-PPG, however, the 
performance dropped by 12% in the 2
nd
 round and the trend continued in the next 3 
consecutive rounds, with only a 72.2% of total phenol disappearance achieved at the 
end of the 5
th
 round; see Figure 4-9(b). In contrast, the performance in phenol 




efficiency and the percentage of phenol degradation still reached about 93% after the 
20
th
 cycle; see Figure 4-9(a). The reduction in the photocatalytic degradation ability 
may be possibly attributed to the tiny loss of the photocatalyst component (Wang et 
al., 2009a), as discussed in Section 4.3.2. The dark adsorptivity of PPG-PAC-P25 to 
phenol was also tested in repeated cycles with the same experimental setup but 
without the UV light irradiation (results not shown here). It was found that only 
21.7% of phenol was removed by the dark adsorption during the first adsorption cycle 
and the dark adsorptivity disappeared completely after only 10 cycles. Considering 
the difference between the repeated photocatalytic degradation and dark adsorption 
experiments, one is clear that the only difference was with or without the UV 
irradiation for photocatalytic degradation. Hence, it could be inferred that the 
photocatalyst component generated effective radicals during photocatalysis that 
oxidized and removed phenol or other organic intermediates on the adsorption sites of 
the PAC layer, which regenerated the PAC that showed sustained adsorptive 
performance to phenol in the repeated experiments. Thus, the composite configuration 
of PAC and P25 on PPG-PAC-P25 showed the advantage of concentrating phenol 
from the solution by the adsorbent component and supplying phenol from the 





Figure 4-9: Recyclability of (a) PPG-PAC-P25 and (b) 25%P25-PPG composite 
photocatalysts, in terms of total phenol and TOC removal percentages 
The TOC of the phenol solution was analyzed before and after the 10 hours UV 
irradiation in each repeated cycle. The mineralization efficiency, expressed as the 
percentage of TOC removal is always lower than that of the total phenol 
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degradation intermediates in the solution. PPG-PAC-P25 achieved 78.2% of TOC 
removal in the 1
st
 round. However, the mineralization efficiency decreased gradually 
with the increase of the cycle numbers, and 58.3% of TOC was removed at the end of 
the 20
th
 cycle. The total weight loss of the photocatalyst component after the 20 cycles 
was less than 5%, indicating that the P25 particles were well loaded on the PAC layer 
that wrapped the PPG substrate and the developed composite photocatalyst was very 
stable. Hence, the decrease in the photocatalytic activity of the composite 
photocatalyst may be mainly due to the adsorption of the degradation intermediate by-
products on the surface of photocatalyst component (Shi et al., 2009), and the loss of 
P25 photocatalyst component only played minor effect on the decrease of the 
photocatalytic activity. In contrast, the 25%P25-PPG composite photocatalyst only 
achieved only 17.8% of mineralization during the 1
st
 round, even though completely 
phenol disappearance was observed, and the percentage of TOC removed continued to 
drop in the later repeated cycles. The low TOC removal efficiency of 25%P25-PPG 
was probably due to the continuously degradation of the polymer substrate that 
contributed to the TOC content in the solution, as discussed previously in Section 3.2. 
To further improve the performance of PPG-PAC-P25 developed in this study for 
better recyclability, it appears necessary to examine the optimum combination of the 
adsorbent and photocatalyst components, including their relative capacity and strength 
for its designated function (i.e., adsorption or photocatalysis), which will be further 






A new buoyant composite photocatalyst, PPG-PAC-P25, was successfully 
prepared through a two-layered configuration method in this study. The thermally 
immobilized PAC layer was found to be tightly anchored on the PPG substrate, 
serving as a good platform for the loading of P25 nanoparticles as well as a protection 
barrier for the PPG substrate from being photocatalytically degraded. The outer P25 
layer loaded through a suspension hydrothermal deposition method was well-
dispersed on the immobilized PAC of the composite photocatalyst and formed a 
micro-porous structure that appeared desirable to retain some of the adsorption 
function of the PAC. Experiments showed that PPG-PAC-P25 had good mechanical 
and chemical stability against normal mechanical attrition in the process and possible 
photocatalytic degradation of the prepared compote material (namely the PPG 
substrate which appeared to be prone to photocatalytic degradation) in the 
photocatalysis process. PPG-PAC-P25 was also found to have enhanced 
photocatalytic performance for phenol than 25%P25-PPG or 100%P25-PPG that were 
developed in a previous study by simultaneously immobilizing PAC and P25 together 
on PPG by the thermal bonding method. The photocatalytic degradation kinetics of 
phenol by the composite photocatalysts can be well fitted to a pseudo-first-order 
kinetic model. The results suggested a synergistic effect in phenol removal for the 
composite photocatalysts with the PAC and P25 components and the extent of the 
synergistic effect was greater for PPG-PAC-P25 than for 25%P25-PPG. In the 
recyclability tests up to 20 cycles in a batch feed process, the photocatalytic 
degradation performance for phenol disappearance by PPG-PAC-P25 was reasonably 
good, decreased only by less than 7% after the 20th cycle, although the TOC removal 




indicate that the performance of PPG-PAC-P25 may be further improved by 
examining the optimum combination of the adsorbent and the photocatalyst 
components in the obtained composite photocatalyst. PPG-PAC-P25 hence is a 
potentially very promising composite photocatalyst for the degradation of organic 
pollutants in aqueous solutions for practical applications. 
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Chapter 5: Further Study in Two-Layered Buoyant 
Composite Photocatalyst for Phenol Removal and In-Situ 
Regeneration 
5.1.  Introduction       
Since 1993, the idea of immobilizing fine photocatalysts on an larger support has 
emerged as a method to solve the costly post separation problem (Shan et al., 2010). 
However, the immobilized system often suffered from a mass transfer limitation due 
to the reduced available surface area for reaction, as compared to the commonly used 
slurry system (Ahmed et al., 1999). A possible way to increase the mass transfer is to 
add inert co-adsorbent to the system, such as activated carbon (AC). The effect of co-
adsorbent has been explained by the formation of a common contact interface 
between the two solid phases of adsorbent and photocatalyst, in which the AC acts as 
the adsorption center to bring the organic pollutants in the solution  closer to the 
surface of photocatalyst, such as TiO2, and thus an enhancement of the photocatalytic 
degradation efficiency (Lim et al., 2011; Matos et al., 1998; Matos et al., 2001). 
Furthermore, AC also appeared to be a good TiO2 supporting substrate due to the high 
porosity and large specific surface area (Shan et al., 2010).  Various synthesis of 
preparation protocols have been adopted to produce TiO2/AC combination or 
composite photocatalysts. Most of the prepared composites showed preserved AC 
pore structure, and the TiO2 coating was limited to the external surface of AC, which 
was demonstrated to have much better photocatalytic performance than that of the 
titania alone.  However, there are still various practical issues remained for the 




dispersibility and separation are two main engineering issues to be dealt with for the 
TiO2-based photocatalysis systems. The density of TiO2/AC composite is larger than 
that of AC skeletal density, which is usually greater than 1400 kg.cm
-3
, and makes the 
composite particles easily settled to the bottom of the reactors. Although they can be 
separated and recovered by gravity separation methods, as compared to the more 
energy-intensive filtration method required to separate the  submicrometer-sized 
titania (Liu et al., 2007), extensive mixing, by air bubbling or mechanical mixing, for 
those heavy composite particles is required to ensure the particles to be uniformly 
distributed throughout the reactor. However, excess air bubbling for example, also 
leads to light scattering by the large air bubbles and thus limits the photon 
transmission though the whole photocatalytic reactor and lower the UV utilization 
efficiency. Beside the scattering issue, UV light also attenuates significantly in water 
with traveling distance (the attenuation coefficient in water is more than 100 times 
greater than that of air). As a result, most of the supplied UV light was lost before it 
reached the surface of the photocatalysts to incur photocatalytic reaction. Among the 
various TiO2-based photocatalytic processes, buoyant composite photocatalysts can 
be used as a solution to achieve high light utilization efficiency as well as low post 
separation cost (Han and Bai, 2009). Buoyant photocatalysts can float naturally on 
water surface and thus achieve greater light utilization efficiency by avoiding light 
attenuation in water medium (Fabiyi and Skelton, 2000; Han and Bai, 2009) and 
enhanced oxygenation of the photocatalysts at the water/air interface. Meanwhile, 
buoyant photocatalysts can be easily separated from the water body, avoided the post 
separation concern.  
In recent years, polymer-supported nanocomposites, which incorporate 




in both the academia and industry. The polymer-based nanocomposites retain the 
inherent properties of nanoparticles, while the polymer substrate provides better 
mechanical strength for long-term usage (Zhao et al., 2011). Despite the attractive 
advantages of the polymer substrates, such as chemically inert, mechanically stable, 
cheap and readily available (Shan et al., 2010), it has been uncommon to see TiO2 or 
other photocatalysts directly immobilized on polymeric substrates. This was due to 
the fact that most polymers are not resistant to photogenerated active oxygen species 
(such as OH• and O2
-•) (Tennakone and Kottegoda, 1996; Tennakone et al., 1995).   It 
has been shown that appropriate intermediate layers between TiO2 and the organic 
substrate can be provided to protect the polymeric substrate from being attacked by 
the reactive radicals generated by the photocatalysts (Kasanen et al., 2011b).  In 
practice, one intermediate layer may be found not enough to achieve long term 
sustainability and good affinity with the TiO2 particles. As a result,  multi-
intermediate  layers were also employed, which made the preparation processes 
complicated (Iketani et al., 2003). Activated carbon is well-known for its high 
chemical stability, excellent mechanical strength and good UV adsorbing 
characteristics. The inertness of the carbon surface on the carbon/metal heterogeneous 
catalysts has been explained by the weak chemical interactions of the active species in 
photocatalysis with the carbon surface (Rodríguez-reinoso, 1998). In our previous 
work, we have successfully prepared a two-layered buoyant composite photocatalyst 
from polypropylene granule substrate, by a two-step immobilization method. A PAC 
layer was fixed onto the PPG substrate by a direct thermal-bonding method, followed 
by a suspension hydrothermal deposition method to load the P25 TiO2 nanoparticles 
on the surface of the immobilized PAC layer. Both good adsorptivity and 




suggesting that the developed buoyant composite photocatalyst is a promising 
photocatalyst for the application of the degradation of organic pollutants in aqueous 
solutions.  
On the above background, the primary aim of this work is to make some further 
study in the investigation of the photocatalytic performance of the buoyant composite 
photocatalyst with proper composition (PAC and P25 ratio) and various operational 
parameters. The composite photocatalysts with different adsorptivities were prepared 
with different number of the soak-dry-cure cycles, described in Chapter 4, from 1 
cycle up to 6 cycles. The photocatalytic activities of the obtained composite 
photocatalysts were evaluated by phenol removals from aqueous solutions. The effect 
was examined with the modified Langmuir-Hinshelwood kinetic model so as to find 
the desired photocatalyst composition that provides both good adsorptivity and 
photocatalytic activity. Then, some operation parameters, such as photocatalyst 
dosage, suspended solids, and radical scavengers, were tested to find out their impact 
and possible ranges for appropriate operational performance. The in-situ regeneration 
efficiency of the PAC layer by the P25 layer of the composite photocatalyst was 





5.2.  Experimental 
5.2.1. Preparation of buoyant composite photocatalysts 
The two-layered configuration composite photocatalysts were prepared with the 
method described in Section 4.2.1. The soak-dry-cure cycle were repeated and the 
products after 1, 2, 4 and 6 times of the process were obtained and for test (denoted as 
PPG-PAC-P25(1), PPG-PAC-P25(2), PPG-PAC-P25(4) and PPG-PAC-P25(6), 
respectively). After the final cure step for each type of the products, the granules were 
washed with tap water to remove any possible loosely loaded P25 nanoparticles, then 
dried in an oven at 80°C overnight and stored in a desiccator for further use. 
5.2.2. Characterization 
The actual compositions of the prepared different types of the buoyant composite 
photocatalysts, as well as PPG substrate and PPG-PAC intermediate, were analyzed 
using the Thermalgravimetric Analyzer (TGA, TGA2950, DuPont Instruments, USA), 
similarly to that described in Section 3.2.3. 
5.2.3. Phenol dark adsorption experiments 
The adsorption performances of the prepared buoyant composite photocatalysts 
were evaluated, according to the procedure described in section 4.2.4. The exact 
weight dosages for each type of the composite photocatalysts in the experiments are 
calculated according to the same amount of immobilized PAC component (around 
166 mg), and also included in Table 5-1 under the column title of “4. Dosage (PAC)”.   
5.2.4. Phenol photocatalytic degradation by the buoyant composite photocatalysts 




For the experiments in phenol photocatalytic degradation with the prepared 
buoyant composite photocatalysts, the initial phenol concentration (Cin) was varied 
from 10 mg.L
-1
 to 100 mg.L
-1
.  The photocatalytic degradation experiments were 
carried out in the same photocatalytic reaction system as mentioned in Section 4.2.3. 
The composite photocatalysts were first dispersed into 200 mL phenol solution with 
0.5wt% NaCl in a 250 mL conical flask wrapped with aluminum foil and placed on 
the shaker for 72 hrs to reach the adsorption equilibrium. The contents in the conical 
flask were then transferred to the jacketed reactor and placed under the Xenon lamp 
UV irradiation for the photocatalytic degradation process. About 2 mL sample 
solution was taken every 15 min and analyzed for the phenol concentration with a 
UV/VIS spectrophotometer (Jasco V-660, Japan) at λmax=270nm. The first sample 
was taken at the end of the 72 hrs dark adsorption, just before the light was turned on, 
in order to determine the initial phenol concentration for photocatalytic degradation 
(C0).  Preliminary trials found that 7.45g PPG-PAC-P25(1) composite photocatalyst 
was adequate enough to cover the entire irradiation area in the reactor, and hence, the 
dosages for the other 3 types of the composite photocatalysts were determined based 
on 69 mg P25 loading on each type of the composite photocatalysts. The respective 
dosages for each type of the composite photocatalysts in the experiments are given in 
Table 5-1, under the title of “5. Dosage (P25)”. The time duration monitored for each 
photocatalytic degradation test run was 4 hrs. Similarly, the effects of composite 
photocatalysts dosage, suspended solids and radical scavengers in the solution were 
studied with the same photocatalytic reactor setup. 




The experimental protocol for the in-situ regeneration of the composite 
photocatalysts involved three major aspects, namely, phenol molecules loading to the 
composite by adsorption, photocatalytic regeneration of the saturated composite and 
subsequent re-adsorption capacity of phenol by the regenerated composite that 
evaluated the recovery capability. The fully loaded composite photocatalysts were 
prepared by repeated adsorption cycles. 12.3 g of PPG-PAC-P25(2) composite 
photocatalysts was suspended in 0.22 L phenol solution (20 mg.L
-1
 with 0.5wt% 
NaCl) and placed in a 250 mL conical flask wrapped with aluminum foil and placed 
on the shaker at 170 rpm and the phenol solution were replaced with a new batch of 
the phenol solution after every 72 hours. This long dark adsorption contact time was 
to ensure that phenol molecules migrated into the internal PAC sorption sites and 
achieved a full saturation of the PAC component. The phenol adsorption eventually 
stopped after 10 repeated adsorption cycles, because no more adsorption of phenol 
molecules can occur. After that, the phenol suspension was transferred to the 
photocatalytic reactor for photocatalytic degradation of adsorbed phenol. The 
irradiation was done with phenol solution instead of pure water, which was to 
minimize the instant concentration gradient change between the phenol-loaded 
composite photocatalysts and the liquid phases so as to minimize the effect of 
desorption at the initial stage. After irradiated for certain duration, the composite 
photocatalysts were separated from the solution and re-suspended in 0.22 L fresh 
phenol solution in the conical flask and placed on the shaker for another 72 hours dark 
adsorption. The photocatalytic degradation-adsorption cycle was evaluated for 4 
cycles. Pure oxygen was supplied to the solution at a rate of 12 L.hr
-1 
during the UV 
irradiation so as to maintain a high dissolved oxygen level. The phenol concentrations 




of the composite photocatalysts’ adsorption capacity. Solution phenol concentrations 
were monitored during the UV irradiation period by periodic sampling for analysis 
and the total organic carbon (TOC) in solution was measured before and after the UV 






5.3.  Results and discussions 
5.3.1.  Characteristics of prepared buoyant composite photocatalysts 
 
Figure 5-1: Results from TGA analysis for the PPG substrate, the intermediate, and 
the four different composite photocatalysts  
The TGA analysis results for the PPG substrate and the 4 prepared composite 
photocatalysts are shown in Figure 5-1.  For the PPG substrate, about 99.5% of the 
total mass was lost at 200 °C-400 °C in nitrogen gas and the remaining of 0.5% was 
stable at temperature increased up to 800 °C when air was supplied to the furnace. 
The results are the same as obtained previously in Chapter 3 and Chapter 4, and are 
included in Table 5-1. For the PPG-PAC intermediate, about 2.58% of the weight loss 
for PAC was observed at the temperature range of 400-600 °C in air atmosphere and 
the impurities (about 0.49%) remained stable at 600 °C-800 °C.  For the 4 composite 
photocatalysts prepared by different numbers of coating cycles, the more coating 
cycles resulted in a higher amount of P25 deposited on the prepared composite 
photocatalyst. For PPG-PAC-P25(1) and PPG-PAC-P25(2)  , the total amount of P25 
fixed was less than that of PAC on the PPGs. As the number of coating cycles 








































increased to 4, the amount of P25 immobilized was comparable to that of PAC, and 
the amount of P25 loaded exceeded the PAC loading for PPG-PAC-P25(6). The 
respective composition ratios of PAC and P25 on the PPGs are also summarized in 
Table 5-1. Besides, all the prepared composite photocatalysts were found to have an 
average density smaller than 1 g.cm
-3
, and tests confirmed that they were all truly 
buoyant in water.   
Table 5-1: Actual compositions of the PPG substrate, the intermediate, and the four 













 (g) PPG PAC P25 Others 
PPG 99.5 0.00 0.00 0.50 - - - 
PPG-PAC 96.93 2.58 0.00 0.49 - 6.43 - 
PPG-PAC-P25(1) 96.36 2.23 0.92 0.48 1 : 2.42 7.45 7.45 
PPG-PAC-P25(2) 96.43 1.96 1.12 0.48 1 : 1.75 8.47 6.15 
PPG-PAC-P25(4) 96.40 1.50 1.62 0.48 1 : 0.93 11.07 4.26 
PPG-PAC-P25(6) 96.42 1.18 1.91 0.48 1 : 0.62 14.07 3.60 
*
: The dosage is calculated according to 166 mg of immobilized PAC component 
#
: The dosage is calculated according to 69 mg of immobilized P25 component 
 
 
Figure 5-2: Photographs of the PPG-PAC and the prepared composite photocatalysts, 
(a) as freshly prepared and (b) thoroughly washed after preparation, on 5 mm × 5 
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The photographs of the freshly prepared PPG-PAC and the four types of the 
composite photocatalysts are shown in Figure 5-2. Although the PPG substrate had a 
regular round shape and a semi-transparent color (see Figure 3-4), after the thermal 
immobilization process for the PAC coatings, a thin layer of black PAC was observed 
to cover the PPG surface and the shape of PPG-PAC changed from round to thinner 
and irregular flat shape. The shapes of PPG-PAC-P25(x, x=1, 2, 4 or 6) were found to 
be similar to that of the PPG-PAC, and the shape was not changed by the soak-dry-
cure cycles. As shown in the “(a) as freshly prepared” photos in Figure 5-2, single 
coating cycle was not enough to cover the entire surface of PAC-PPG. As the number 
of coating cycles increased, more and more PPG-PAC surface was covered with the 
white P25 nanoparticles. However, when the number of coating cycles increased to 4 
and above, the P25 coating layer seemed to become too thick and cracks were 
observed, for example, on PPG-PAC-P25(6). Nevertheless, not all the P25 were 
firmly immobilized onto the PPG-PAC after the soak-dry-cure process. As shown in 
the “(b) thoroughly washed after preparation” photos, the amount of immobilization 
for all the 4 composite photocatalysts became less than those for “(a) as freshly 
prepared”, indicating that some of the immobilized P25 nanoparticles were washed 
off during the washing process. A thin and uniform P25 layer was left on the PPG-
PAC-P25(2), and a slightly thicker layer was observed on PPG-PAC-P25(4). 
However, due to the cracks formed after curing, a non-uniform thick P25 layer was 
observed on PPG-PAC-P25(6).  Although the percentage of P25 loading increased 
with the increasing number of coating cycles, excessive coating cycles may affect the 
P25 nanoparticle distribution on the PPG-PAC intermediate surface, and hence 





5.3.2.  Dark adsorption activity of prepared buoyant composite photocatalysts  
 
Figure 5-3: Dark adsorptive uptakes of phenol by different composite photocatalysts, 
initial phenol concentration, Cin = 20 mg.L
-1
(n=3) 
The specific adsorption uptakes of phenol by different types of the buoyant 
composite photocatalysts are shown in Figure 5-3. When the PPG-PAC was added to 
20 mg.L
-1
 phenol solution, 14.38 mg.g
-1
 phenol adsorption by the PAC was found 
after 72 hours contact time, and the value is very near to the 14.49 mg.g
-1
 equilibrium 
uptake amount achieved by the original PAC component in the dark adsorption study. 
Hence, it could be concluded that the thermal immobilization process of PAC did not 
significantly affect the adsorption capacity of PAC. However, less than 1 hr was taken 
to reach the adsorption steady state for PAC, as compared to more than 24 hrs 
required for PAC on PPG-PAC. The adsorption rate seems to be greatly reduced by 
the immobilization process, possibly due to the reduced carbon surface in contact with 
phenol molecules in the bulk solution and thus limited mass transfer. The relatively 
high adsorption capacity achieved by PPG-PAC indicated that a great adsorption 
capacity of the immobilized PAC layer was retained. However, a large decrease in the 
adsorption uptake amount was observed after the coating of P25 on PPG-PAC and the 
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adsorption uptake decreased by almost 90% on PPG-PAC-P25(1) and further 
decreased with more coating cycles, indicating that the amount of adsorption sites on 
the buoyant composite photocatalysts was controlled not only by the PAC layer, but 
also the amount of P25 immobilized on the PAC layer (Torimoto et al., 1997). Hence, 
it could be concluded that the coverage of P25 on PAC layer affected its adsorption 
capacity, perhaps due to the physical blockages of the adsorption sites of PAC. 
5.3.3.  Photocatalytic degradation of phenol by prepared buoyant composite 
photocatalysts 
The photocatalytic removal of phenol from its aqueous solution by different types 
of the composite photocatalysts is plotted against the UV irradiation time after they 
reached adsorption equilibrium and is shown in Figure 5-4. Blank test using phenol 
solution with air bubbling and UV irradiation confirmed that phenol loss due to 
evaporation and direct photolysis was negligible (results not shown here). The 
differences in the starting concentrations (C0) in Figure 5-4 for photocatalytic 
degradation were due to the different amount of phenol adsorbed during the 72 hours 
dark adsorption period before the photocatalytic degradation process began. It can be 
found that the PPG-PAC-P25(2) composite photocatalyst achieved the highest 
photocatalytic removal; and 1.303 mg of phenol was degraded during the  4 hrs 
experiment, followed by PPG-PAC-P25(4) (1.185 mg), PPG-PAC-P25(6) (1.079 mg) 
and PPG-PAC-P25(1) (0.958 mg). Only about  0.330 mg phenol was removed by the 
entirely P25 coated PPG composite photocatalysts, i.e., 100%P25-PPG, as prepared 
by the direct thermal immobilization method in the early study (Tu et al., 2013). The 
results confirmed again that the PAC layer has enhancing effect on the photocatalytic 




provide high phenol concentration to the P25 photocatalysts.  In addition, as shown in 
the TGA results in Table 5-1, the amount of P25 immobilized on was very limited on 
the prepared composite photocatalysts, less than 2% by weight, as compared to 13.5 
wt. % P25 loading on 100%P25-PPG. Hence, the P25 nanoparticles are closely 
packed on the PPG surface, and only around 15 granules of 100%P25-PPG were 
needed to achieve the 69 mg P25 dosage. But more than 100 composite granules were 
required to achieve the same P25 dosage, making the P25 photocatalysts more 
dispersed on the new composite photocatalysts surface, providing larger surface area 
and encourage photocatalysts-pollutant interaction. 
 
Figure 5-4: Photocatalytic degradation of phenol by different composite 





5.3.4.  Photocatalytic degradation kinetics of prepared buoyant composite 
photocatalysts 


























The degradation curves in Figure 5-4 can be well fitted by a mono-exponential 
curve, shown in Figure 5-5(b), suggesting that a pseudo-first-order kinetic model can 
be applied for describing the kinetic behavior (eq. (2-23)). As discussed in early 
chapters, kapp is the pseudo-first-order rate constant and its kapp value has been 
proposed to indicate the photocatalytic activity of a composite photocatalysts (Matos 
et al., 1998). The values of kapp determined from the slope of the linear plots in Figure 
5-5 are summarized in Table 5-2, together with the amount of phenol adsorbed by 
each type of the composite photocatalysts during the 72 hours dark adsorption. 
In general, it is found that the photocatalytic activity of the composite 
photocatalysts with PAC was significantly higher than that of 100%P25-PPG, without 
PAC, especially for the PPG-PAC-P25(2). The results again reveal that the addition of 
PAC as the adsorbent component could create a synergistic effect on the 
photocatalytic degradation performance of the prepared composite photocatalysts, 
which may be further evaluated using the synergistic factor according to eq. (2-34). 
The calculated R values are also included in Table 5-2. 
Among the 4 prepared composite photocatalysts, the PPG-PAC-P25(2) always 
achieved the highest R value. It seems that the synergism is related to the composite 
adsorptivity of the photocatalysts, because the PPG-PAC-P25(2) composite 
photocatalyst also showed the highest amount of phenol adsorption per unit g of PAC. 
A higher adsorptivity may induce a better phenol concentrating effect from the 
solution to the vicinity or surface of the P25 photocatalysts, and thus leading to a 
better photocatalytic activity.  On the other hand, it is also noticed that, for all the 4 
composite photocatalysts, the R value remained constant or slightly decreased when 
the initial phenol concentration exceeded 20 mg. L
-1




the bulk solution concentration is high enough, > 20 mgL
-1
 in this case, there were 
plenty of phenol molecules around the photocatalysts and were readily available for 
photocatalytic degradation. Hence, the P25 nanoparticles may be always fully in 
contact with the organic pollutants, and thus more organic pollutants to the P25 
photocatalysts by the high adsorptivity would not further improve the photocatalytic 
degradation activity. Whereas at low organic concentrations, the P25 photocatalysts 
surfaces may only be partially in contact with the organic pollutants, and so the 
concentrating effect by PAC would bring more phenol towards the photocatalysts for 
degradation and thus enhanced synergism can be observed at low phenol 
concentrations. 






























 ^ 1.894 2.465 4.649 6.297 10.219 
kapp (hr
-1
) 0.172 0.093 0.052 0.032 0.027 
R
# 
1.345 3.781 3.263 3.240 3.325 





 ^ 3.346 7.870 8.923 10.567 19.718 
kapp (hr
-1
) 0.365 0.133 0.067 0.042 0.029 
R
# 
2.858 5.385 4.206 4.245 3.625 





 ^ 1.266 5.566 6.718 6.006 16.292 
kapp (hr
-1
) 0.163 0.088 0.045 0.027 0.022 
R
# 
1.274 3.567 2.813 2.700 2.750 
       










) 0.192 0.074 0.043 0.025 0.021 
R
# 
1.504 2.992 2.706 2.500 2.613 





^ 0.000 0.000 0.000 0.000 0.000 
kapp (hr
-1
) 0.128 0.025 0.016 0.010 0.008 
 R
#
 1.000 1.000 1.000 1.000 1.000 
^
: 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝ℎ𝑒𝑛𝑜𝑙 𝑑𝑖𝑠𝑎𝑝𝑝𝑒𝑎𝑟𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 72 ℎ𝑟𝑠 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (𝑚𝑔)
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Figure 5-5: Kinetics of phenol photodegdadation by different composite 
photocatalysts and the pseudo-first-order kinetic model fitting for different initial 
phenol concentrations: (a) Cin = 10  mg.L
-1
, (b) Cin = 20  mg.L
-1
, (c) Cin = 50  mg.L
-1
, 
(d) Cin = 80  mg.L
-1
, and (e) Cin = 100  mg.L
-1
(n=3) 
Figure 5-6 shows a plot of 1/kapp versus C0 for different composite photocatalysts. 
The values of the adsorption equilibrium constant KC, and the rate constant kr were 
obtained by the linear regression of the data points calculated by eq. (2-31). Figure 5-
7 shows the dependence of the rate constant kr and adsorption equilibrium constant KC 
determined in this way on the different composite photocatalysts. The adsorption 
equilibrium constant, KC, first increased sharply when the coating cycle increased 
from 1 to 2, but then decreased when the number of coating cycles further increased. 
The PPG-PAC-P25(1) composite photocatalysts has the highest PAC loading, but 
achieved relatively low adsorptivity. It was found that the PPG-PAC surface was only 
partially covered by the P25 nanoparticles, which is not enough to change the surface 
hydrophobicity of the PAC layer. Poor liquid phase contact was observed during the 
experiments for the PPG-PAC-P25(1) composite photocatalysts, and perhaps resulted 
in the low adsorptivity. The decreases in the adsorptivity for the 4 coatings and 6 
coatings composite photocatalysts may be considered to be due to the decrease in the 
exposed amount of PAC, as well as the increased pore blockage by the P25 particles 
immobilized.   On the other hand, only slight variations were observed for the rate 
constant, kr, probably due to the same immobilized amount of P25 being used in the 
test of the different types of the composite photocatalysts and the phenol 
decomposition process is mostly determined by the amount of TiO2 particles. But the 
adsorption strength seems to be an important factor affecting the photocatalytic 
activity of the composite photocatalysts. The highest rate constant was observed for 
the 2 coatings composite photocatalysts, which also has the highest adsorptivity. After 




the decrease in the amount of adsorbed phenol. It is obvious that a decrease in the 
amount of adsorbed compounds caused a decrease in the photodegradation rate (Li et 
al., 2006).   Secondly, it is also observed that the P25 coatings on PPG-PAC-P25(4) 
and PPG-PAC-P25(6) were much thicker and packed than that on PPG-PAC-P25(1) 
and PPG-PAC-P25(2) photocatalysts.  The surface active site of the photocatalysts 
would be reduced when large aggregates were formed and hence reduced the 
accessibility of phenol molecules to these sites, thus leading to the decrease in the 
photocatalytic activity. Therefore, for the composite photocatalysts to show high 
photocatalytic activity, they should have enough and well dispersed TiO2 particles on 
the surface, but at the same time, retain the adsorption strength of the PAC as much as 
possible to bring the organic molecules sufficiently to the vicinity of the composite 
photocatalysts. In the present case, the PPG-PAC-P25(2) composite photocatalyst 
appeared to exhibit both high adsorptivity and high photocatalytic activity and hence 
it was chosen for the following further studies discussed. 
 
Figure 5-6: Relationship between 1/kapp and C0 for different composite photocatalysts 
(n=3) 







 PPG-PAC-P25(1)    y=0.38985x+2.72711
 PPG-PAC-P25(2)    y=0.37791x+0.15641
 PPG-PAC-P25(4)    y=0.48936x+0.91675




















Figure 5-7: The rate constant of phenol photocatalytic degradation and the 
adsorption equilibrium constant as a function of coating cycles (n=3) 
5.3.5.  Effect of composite photocatalyst dosage 
The dosage of composite photocatalysts can be an important parameter in the 
performance of photocatalytic degradation process. Several studies reported an 
optimal photocatalyst dosage existed for the maximum removal of phenol (Tu et al., 
2013). The optimum dosage depends on the geometry of the reactor, light source 
intensity, and properties of TiO2 such as particles size, phase compositions and 
impurities (Chen et al., 2000b). This is due to that the increase of the photocatalyst 
dosage beyond the optimal range may result in unfavorable light scattering and thus 
reduction of the photon efficiency. 































































Figure 5-8: The apparent rate constants and amount of phenol adsorbed as a function 
of PPG-PAC-P25(2) composite photocatalysts dosage 
In the same photocatalytic process setup, a variety of PPG-PAC-P25(2) dosages 
ranging from 1.53 g to 30.75 g was tested with the 200 mL phenol solution (20 mg.L
-1
 
with 0.5 wt.% NaCl) in the photocatalytic reactor. The experimental results are shown 
in Figure 5-8. When the composite photocatalysts dosage increased from 1.53 g to 
12.3 g, both phenol adsorption and photocatalytic degradation in terms of kapp showed 
linear increases with the increase of the dosage. However, further increases of the 
photocatalyst dosage to 30.75 g resulted in a decreased photocatalytic degradation 
activity, even although the adsorptivity continued to increase, due to the increased 
amount of PAC component in the photocatalyst. Therefore, a proper dosage is indeed 
desirable. As for the jacketed reactor used in this setup, about 7.5g composite 
photocatalysts were just enough to cover the entire irradiation area. Hence, the 
dosages lower than 7.5 g would reduce the UV efficiency as the irradiation area was 
not fully utilized.  The photocatalytic activity continued to increase when increasing 
the dosage to 12.3 g. The aeration by air diffuser at the reactor bottom also provided 
mixing effect in the reactor, resulting in the photocatalyst granules with localized 





































movements, turning up and down in the surface zone, and hence fully utilizes the 
available UV irradiation. However, further increasing the dosage beyond 12.3g would 
cause a thick photocatalyst layer on the water surface, and the air bubbling was not 
strong enough to turn all the granules moving up and down, so only the granules 
laying on the very top surface can receive the UV irradiation, and the others lying 
below would not be effectively used, reducing the overall photocatalytic activity. 
According to Figure 8, 12.3 g composite photocatalysts dosage should be adequate for 
the photocatalytic degradation setup used in this study, which is equivalent to a 
dosage loading of 61.5 g L
-1
 of PPG-PAC-P25(2), or 0.689 g L
-1
 in terms of P25 
amount, or 3.29 kg.m
-2
, taking into account of the 69 mm irradiation diameter 
provided by the Xenon lamp used in the photocatalytic reactor. 
5.3.6.  Effect of suspended solids 
 
Figure 5-9: Effect of suspended solids on the photocatalytic degradation performance 
of PPG-PAC-P25(2) as compared that of P25 
The negative impact of water turbidity on UV transmission is well-known in water 
and wastewater industries. Reduction in photocatalytic oxidation reaction rate can be 
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expected in turbid water due to shielding (absorption, scattering and/or blocking) of 
the incident UV. During the preliminary screening of inorganic solids, including 
kaolin, bentonite and silica gel, only silica gel exhibited no significant impact on 
solution pH and dark adsorption. As solution pH is a very sensitive parameter for 
photocatalytic reaction, 0.5 g.L
-1
silica gel was selected to evaluate the UV shielding 
effect of the inorganic solids on the photocatalytic degradation performance of PPG-
PAC-P25(2), as compared to that of the P25 suspension. The concentration profiles 
from the photocatalytic degradation experiments are shown in Figure 5-9. The 
addition of 0.5 g.L
-1
silica gel particles into the P25 slurry photocatalytic degradation 
system resulted in reduced initial photocatalytic degradation rate and about 1.5 hours 
more to reach complete phenol removal. Since no other operational parameter was 
changed, the reduction of the photocatalytic activity of P25 can solely be attributed to 
the UV shielding effect by the silica gel particles (Giri et al., 2010). However, only 
small decrease in the photocatalytic activity was observed with the PPG-PAC-P25(2), 
and the final phenol removal was decreased by only 5% in the presence of the silica 
gel. This can be explained by the “floating” mechanism of the prepared composite 
photocatalysts. In the slurry system, silica gel particles have equal chance to absorb 
the incident light as the P25 photocatalysts and thus reduced the UV light efficiency 
of the photocatalyst. But in the case of buoyant photocatalysts, the active 
photocatalysts were floating on the water surface, formed a thick blanked to conceal 
the shielding effect of suspended solids lying below. Therefore, only a few of the 
silica gel particles that happened to be on the water surface and lying above the 
buoyant composite photocatalysts would result in the light scattering and most of the 
other particles lying below would have no effect on the composite photocatalysts’ 




photocatalysts can largely avoid the shielding effect by the suspended solids presented 
in water to be treated.   
5.3.7.  Effect of radical scavengers 
Two scavengers, IPA and KI, were added to the reaction solution to capture the 
reactive species during the photocatalytic reaction. Preliminary adsorption 
experiments for different scavenger concentrations of IPA and KI show that no 
interference was noticed for the applied IPA or KI concentrations up to 21.28 
mmol.L
-1
 (α(KI)=100 or α(IPA)=100). Further increasing the concentration of the 
scavengers would result in interference with phenol adsorption. Hence, in order to 
compare the photocatalytic activity changes due to radical scavengers, the degradation 
experiments were only performed within the scavengers concentration limit that no 
adsorption interference with the phenol adsorption was noticed (i.e., α(IPA) and α(KI) 
up to 100). In order to evaluate the effect of PAC layer, the photocatalytic activity of 
100%P25-PPG were also measured and compared as the base buoyant composite 
without co-adsorbent component. 
Isopropyl alcohol (IPA) is known to be a good hydroxyl radical (OH•)scavenger 
and is used to discriminate between direct oxidation with positive holes (h
+
) and the 
degradation with hydroxyl radicals in solution (Chen et al., 2005). The rate constant 
of reaction between OH• radical and IPA is 1.9×109 M-1 S-1, which is close to the 
diffusion limit. That is, the reaction between these two reactants would occur as fast 
as the reagents encounter each other (Pantopoulos and Schipper, 2011; Zhang et al., 
2008). Though direct oxidation of short aliphatic alcohols by photogenerated holes 
occurs, it was considered negligible because they have a very weak adsorption on 




IPA were dosed, and its inhibitory effects on the photocatalytic activities (kapp) are 
shown in Figure 5-10(a). It can be observed that the degradation of phenol suppressed 
in the presence of IPA. The apparent rate constant of 100%P25-PPG decreased by 
24% after adding only 0.21 mmol L
-1
 IPA into the solution. However, further 
increasing the IPA concentration did not result in further decrease in the 
photocatalytic activity. At α(IPA)=100, only 33% drop in the initial degradation rate 
constant was noticed. This is a relatively small increase with a high scavenger 
concentration, indicating that the hydroxyl radicals in the solution have a moderate 
contribution in the photocatalytic degradation of phenol by 100%P25-PPG (Chen et 
al., 2005).  However, the quenching effect of IPA on the PPG-PAC-P25(2)  composite 
photocatalysts was much more obvious. Similar scavenging effect on the 
photocatalytic activity of PPG-PAC-P25(2) towards phenol removal was observed 
only at low IPA concentrations, the apparent rate constant (kapp) decreased 
significantly as the IPA concentration increased.  The photocatalytic activity dropped 
by more than 57% at α(IPA)=100. This is due to the fact that PAC is a good organic 
adsorbent that can absorb various organics. Its concentrating effect not only brought 
phenol molecules to the vicinity of the immobilized P25 nanoparticles, but at the same 
time, it also brought IPA molecules near to the photocatalyst surface. Especially at 
high IPA concentrations, the adsorptive force made much more IPA molecules around 
the photocatalysts’ active sites and fewer places for phenol molecules, hence greatly 





Figure 5-10: Effect of radical scavengers, a) isopropyl alcohol, IPA and (b) 
potassium iodine, KI, on the photocatalytic degradation performances of PPG-PAC-








, the molar ratio of KI over phenol concentration;  
Iodide ion is an excellent scavenger which reacts with photogenerated positive 
holes and hydroxyl radicals. Valence band holes and hydroxyl radicals are easily 
captured by I
-
(Chen et al., 2005). Different concentrations of KI were dosed, and its 


















































photocatalysts photoactivities (kapp) are shown in Figure 5-10(b). Appling a 
α(KI)=100 showed more than 72% decrease in the apparent rate constant of 
100%P25-PPG. The greater inhibition of the reaction through KI compared to that of 
IPA at lower scavenger concentrations gives an indication that the photogenerated 
positive holes play a more important role in the photocatalytic degradation of phenol 
by 100%P25-PPG than hydroxyl radicals (Van Doorslaer et al., 2012). However, the 
KI scavenging effect was less obvious on the PPG-PAC-P25(2) composite 
photocatalysts. Although its apparent rate constant continued to decrease with 
increasing KI concentrations, the reduction in kapp was smaller than that of 100%P25-
PPG.  PAC is a good organic adsorbent, and it has negligible adsorptivity towards 
inorganic ions in the aqueous solution. Hence, this shielding effect on inorganic 
radical scavenger was due to the PAC layer. The presence of adsorption force from 
the PAC layer would largely increase the phenol concentration around the 
photocatalysts and hence increased the competitiveness of phenol over iodide ions 
towards the active sites for photocatalytic degradation.  A similar shielding effect by 
the composite photocatalysts on the negative influence of chloride ions on phenol 
photocatalytic degradation was also noticed in our previous study (Tu et al., 2013). 
5.3.8.  In-situ regeneration effect of PAC layer by the immobilized P25 of the 
prepared composite photocatalysts 
In the previous study of the composite photocatalysts’ recyclability with 20 
repeated photodegradation cycles, it was noticed that the adsorptive sites on the PAC 
layer were continuously in-situ regenerated during the photocatalytic degradation 
process. Therefore, the aim of this section is to better understand the in-situ 




photocatalytic recovery of PPG-PAC-P25(2) composite photocatalyst with different 
UV irradiation durations (T). The preliminary study showed that when 12.3 g 
saturated PPG-PAC-P25(2) composite photocatalysts were suspended in 20 mg.L
-1
 
phenol solution with 0.5wt% NaCl, it required 8 hours to reach 95% phenol removal 
from the solution under the experimental condition of 25°C and 0.2 L.min
-1
 O2 
supply, and full phenol removal could be achieve within 12 hours. Hence, 5 different 
irradiation durations were selected. T=1 hr and T=4 hrs were not enough to degrade 
all the free phenol molecules in the solution, T=8 hrs was almost enough to remove 
the free phenol molecules in the solution, and T=12 hrs and T=16 hrs irradiation were 
more than enough to degrade all the free phenol molecules in the solution. The in-situ 
regeneration efficiencies were evaluated according to 4 aspects shown in Figure 5-11, 
(a) the re-adsorption capacities of PPG-PAC-P25(2)  composite photocatalysts, (b) the 
apparent rate constant changes against the apparent rate constant in the first UV 
irradiation cycle (kapp,1) when the PAC particles were fully loaded with phenol 
molecules, (c) total percentage of phenol removed from the solution and (d) total 





Figure 5-11: Effect of irradiation duration on in-situ regeneration efficiencies, (a) 
phenol adsorption capacity recovered, (b) phenol in solution disappearance kinetics, 
(c) percentage of total amount of phenol removed from solution and (d) percentage of 
TOC removal from the solution 
It can be found from Figure 5-11(a) that the longer the irradiation duration, the 
better adsorption capacity recovery. When short irradiation duration were used (1 
hour and 4 hours), only limited adsorption capacities were recovered, and the 
recovery efficiencies gradually decreased after each irradiation-adsorption cycle. The 
regeneration during the short irradiation durations was assumed to be due to the rapid 
degradation of adsorbate bound to exterior surface of composite photocatalysts (Yap 
and Lim, 2012), but no degradation of the adsorbed substances in the inner pores. 
However, due to the insufficient irradiation duration, incomplete degradation of the 
adsorbed organic molecules may occur for the composite photocatalysts, which 
resulted in the deactivation of the photocatalysts by the adsorbed molecules, reduced 
the photocatalytic activity and total percentage removal of phenol and TOC from the 
solution (Chen et al., 2012). When the irradiation duration extended to 8 hours and 
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above, the re-adsorption capacities gradually increased after each cycle. The longer 
the irradiation duration, the higher adsorption capacity recovered, indicating that the 
regeneration process was limited by the rate of diffusion of adsorbates from the 
interior surface of the adsorbent to the exterior where photocatalytic reaction took 
place (Crittenden et al., 1997; Tao et al., 2006; Yap and Lim, 2012; Zhu and Zou, 
2009). Photocatalytic degradation happened on free phenol molecules in the solution 
first, but when the concentration gradient between the composite photocatalysts and 
bulk solution reached certain level, the adsorbed substances on the adsorbent would 
be slowly desorbed from the adsorptive site and transferred to the photoactive site for 
degradation. Furthermore, it is noticed that the relative photocatalytic activity, 
kapp,N/kapp,1 increased beyond 1.00 after extended UV irradiations in Figure 5-11(b). 
The increased photocatalytic activity indicates that the adsorbed intermediates were 
also degraded after long irradiation durations, and the photocatalytic activity was 
recovered by recovering the synergistic effect of the PAC/P25 combination. Lastly, it 
should be noticed that the TOC removal (Figure 5-11(d)) is always slower than 
phenol removal (Figure 5-11(c)) under all cases tested. The complete mineralization 
was never reached, even after 16 hours of irradiation. Moreover, full phenol removal 
was obtained within 12 hours, but extending the irradiation hours to 16 hours did not 
result in much improvement of TOC removal, indicating that some of the degradation 
intermediates, possibility short aliphatic acids, are hard to be degraded by 





5.4.  Conclusions 
The performance of the buoyant composite photocatalyst prepared by the two-
layered configuration approach was examined in more details. Buoyant composite 
photocatalysts of different compositions (P25: PAC ratios) were prepared with 
different number of the soak-dry-cure cycles, from 1 cycle up to 6 cycles. All the 
obtained composite photocatalysts were buoyant and can float on water. The TGA 
analysis revealed that the P25 loading on the PPG-PAC intermediate increased with 
increasing coating cycles, so as the P25: PAC ratio. The adsorptivity and 
photocatalytic performances of the obtained composite photocatalysts were evaluated 
by phenol removals under various conditions. The adsorption capacity of the PAC 
was not affected by the thermal immobilization process on PPG-PAC, but the uptake 
rate was greatly reduced. The adsorption uptake amount decreased significantly after 
the coating of P25 and the capacity continued to decrease with the increase of the 
coating cycles indicating that the immobilization of P25 on PPG-PAC caused the 
physical blockages of the adsorption sites of PAC. The photocatalytic activity of the 
composite photocatalysts with PAC was significantly higher than that of 100%P25-
PPG (without PAC), and it is especially true for the PPG-PAC-P25(2), suggesting that 
the co-adsorbent could synergistically enhance the photocatalytic degradation 
performance. The photocatalytic degradation performances were further analyzed 
with the modified Langmuir-Hinshelwood kinetic model under different initial phenol 
concentrations. PPG-PAC-P25(2) achieved the highest rate constant of kr and 
adsorption equilibrium constant of KC, and it also achieved the highest apparent rate 
constants (kapp) under all concentrations.  Therefore, it could be implied that for the 
composite photocatalysts to show high photocatalytic activity, they should have 




the adsorption strength of the PAC as much as possible to bring sufficient organic 
molecules to the vicinity of the composite photocatalysts. 12.3g of PPG-PAC-P25(2) 
was found to be adequate for the photocatalytic degradation setup used in this study, 
which was about 1.5 times of the amount of photocatalyst required to cover the entire 
irradiation area. The photocatalytic activity of P25 slurry photocatalytic degradation 
system was largely reduced due to the scattering effect of the silica gel particles, but 
only small decrease in the photocatalytic activity was observed with PPG-PAC-
P25(2), suggesting that the “floating” mechanism of PPG-PAC-P25(2) can largely 
avoid the scattering effect of the suspended solids by forming a blanket to conceal the 
shielding effect of the solids. The quenching effect of IPA on the PPG-PAC-P25(2) 
composite photocatalysts was more severe than that of KI. This may be due to the co-
adsorbent component used, because PAC is a good organic adsorbent and hence its 
concentrating effect applies to both phenol and IPA. However, KI is inorganic 
scavenger which does not respond to the adsorptive property of PAC, thus showing no 
significant negative effect of the inorganic ions present in the solution on 
photocatalytic degradation efficiency towards phenol removal by PPG-PAC-P25(2). 
Lastly, the in-situ regeneration experiment with pre-saturated phenol on PPG-PAC-
P25(2) revealed that the longer the irradiation duration, the better adsorption capacity 
recovery, confirming that the regeneration process was limited by the rate of diffusion 
of adsorbates from the interior surface of the adsorbent to the exterior where 
photocatalytic reaction took place.  
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Chapter 6: Conclusions and Recommendations 
6.1.  Conclusions 
This research attempted to prepare a desired composite photocatalyst with both 
the adsorption and photocatalytic degradation components on a relatively cheap 
substrate that incurs the composite with buoyant property.  
The composite photocatalyst was first developed by a direct thermal 
immobilization method by loading P25 and PAC from a mixture simultaneously onto 
PPG at temperature slightly higher than the melting temperature of PPG. All the 
prepared composite photocatalysts were in millimeter size and truly floating on water 
surface. The FESEM observation confirmed that both P25 and PAC were well-
distributed on the PPG surface. The actual compositions of the obtained composite 
photocatalysts were analyzed with TGA by the two-stage method.  The percentage of 
PAC loaded on the composite photocatalysts varied with the relative percentage of the 
PAC content in the powder mixture. Higher amount of PAC immobilization was 
achieved with higher PAC percentage in the powder mixture. Whereas, the 
dependence of the amount of P25 immobilized on the composite photocatalyst on the 
percentage of P25 in the powder mixture was not significant, possibly due to the large 
difference in the particle sizes of P25 and PAC. The adsorption activity of the 
obtained composite photocatalysts can be well described by the Langmuir isotherm 
model.  The photocatalytic activity of the PAC-containing composite photocatalysts 
was found to be higher than that of the 100%P25-PPG that contained P25 but without 
PAC, comfimred the hypothesis that combining the adsorptive and photocatalytic 
components on the solid supporting material would have an enhancing effect on the 




composite photocatalysts can be well-fitted with the Langmuir–Hinshelwood model, 
with a pseudo-first-order reaction constant.  The study successfully confirmed the 
hypothesis that the PAC component in the composite photocatalysts helped 
concentrating the organic pollutants in the bulk solution to the vicinity of the 
photocatalyst particles and thus made the photocatalytic degradation process less 
dependent on the organic concentration in the bulk solution, which enhanced the 
photocatalytic degradation process efficiency. Among all the 3 composite 
photocatalysts, 50%P25-PPG was found to be the most efficient composite 
photocatalysts with both high adsorptivity and high photocatalytic activity. The 
50%P25-PPG composite photocatalysts was also found to works better under acidic 
conditions.  
However, the buoyant composite photocatalysts prepared by the direct thermal 
immobilization of PAC and P25 together showed some detachment of the P25 
nanoparticles and thus unstable performance after extended long periods of usage, 
attributed to the slow photocatalytic degradation of the PPG substrate immobilized 
with the P25 particles in the photocatalytic degradation process of phenol. Therefore, 
a modified method to prepare the buoyant composite photocatalysts with a novel two-
layered configuration was developed to improve the photocatalytic degradation 
stability of the composite photocatalyst for its potential use in long term practical 
applications for organic pollutant removal. Taking the advantage of the physical 
inertness of PAC, an entire PAC layer was first anchored onto the PPG surface by the 
direct thermal immobilization method. Then, another layer of P25 nanoparticles was 
loaded onto the PAC-immobilized PPG by a new suspension hydrothermal deposition 
method. Experiments showed that PPG-PAC-P25 had good mechanical and chemical 




degradation under UV irradiation. The thermally immobilized PAC layer was found 
to be tightly anchored on the PPG substrate, serving as a good platform for the 
loading of P25 nanoparticles in addition to its function as a protection barrier for the 
PPG substrate from being photocatalytically degraded. PPG-PAC-P25 was also found 
to have enhanced photocatalytic performance for phenol removal than 25%P25-PPG 
or 100%P25-PPG, due to the well-dispersed deposition of P25 on the PPG-PAC 
intermediate that formed a micro-porous structure that appeared desirable to retain 
some of the adsorption function of the PAC. The photocatalytic degradation kinetics 
of phenol by the composite photocatalysts can be well fitted to a pseudo-first-order 
kinetic model. The recyclability test of PPG-PAC-P25 was carried out with 20 cycles 
in a batch feed process, and the phenol removal efficiency was found to be decreased 
by only 7% after the 20
th
 cycle, demonstrating that the newly developed two-layer 
configuration composite photocatalysts is a potentially very promising composite 
photocatalyst for the degradation of organic pollutants in aqueous solutions for 
practical applications. However, the performance of the PPG-PAC-P25 may be 
further examined for the optimum combination of the adsorbent and the photocatalyst 
components in the obtained composite photocatalyst and its suitable operation 
parameters.  
The composition of the buoyant composite photocatalysts with the two-layered 
configuration was varied with different number of the soak-dry-cure cycles for 
different P25 loadings, from 1 cycle up to 6 cycles. The P25 loading on the PPG-PAC 
intermediate increased with increasing the coating cycles. The adsorption capacity 
decreased greatly after the coating of P25 as compared to that of the PPG-PAC 
intermediate, and continued to decrease as the number of coating cycles increased, 




of the adsorption sites on the PAC layer. The photocatalytic activity of all the 
prepared composite photocatalysts was significantly higher than that of 100%P25-
PPG, especially true for the PPG-PAC-P25(2), suggesting that the PAC layer could 
synergistically enhance the photocatalytic degradation performance. The 
photocatalytic degradation performances were further analyzed with the modified 
Langmuir-Hinshelwood kinetic model under different initial phenol concentrations. 
PPG-PAC-P25(2) achieved the highest photocatalytic reaction rate constant (kr) and 
adsorption equilibrium constant (KC), and it also achieved the highest apparent rate 
constants (kapp) under all concentrations.  Therefore, it could be implied that 
adsorptivity of the composite photocatalysts is detrimental to the overall performance 
of the photocatalysts. Not only there need to have enough and well dispersed TiO2 
nanoparticles on the surface, but the adsorption strength of the PAC need to be 
retained as much as possible to make a highly efficient composite photocatalysts. 
12.3g of PPG-PAC-P25(2) was found to be the adequate amount for the 
photocatalytic degradation setup used in this study, which was about 1.5 times of the 
photocatalyst amount required to cover the entire irradiation area. Too few 
photocatalysts would reduce the UV light utilization efficiency, whereas too much 
photocatalysts would make the floating layer too thick and crowded and reduce the 
efficiency of the composite photocatalysts. The photocatalytic activity of P25 slurry 
photocatalytic degradation system was largely reduced due to the scattering effect of 
the silica gel particles, but only small decrease in the photocatalytic activity was 
observed with PPG-PAC-P25(2), suggesting that the “floating” mechanism of PPG-
PAC-P25(2) can largely avoid the scattering effect of the suspended solids on UV 
light irradiation. The quenching effect of IPA on the PPG-PAC-P25(2) composite 




component used, because PAC is a good organic adsorbent and its concentrating 
effect applies to both phenol and IPA. However, KI is an inorganic salt which does 
not respond to the adsorptive force of PAC. Thus the PAC only concentrated phenol 
to the photocatalysts and largely shielded of the negative effect of the inorganic ions 
present in the solution on photocatalytic degradation efficiency towards phenol 
removal by PPG-PAC-P25(2). Lastly, the in-situ regeneration experiment for PPG-
PAC-P25(2) pre-saturated with phenol revealed that the longer the irradiation 
duration, the better adsorption capacity recovery, indicating that the regeneration 
process was limited by the rate of diffusion of adsorbates from the interior surface of 







6.2.  Suggested future studies 
An easy and economic method for preparing the novel composite photocatalysts 
has been investigated in this thesis. The preparation method utilized the available 
materials, of PPG, PAC and P25, at a relatively low temperature. The challenge of 
photocatalytic degradation of the polymeric support used by the composite 
photocatalysts has been successfully solved by the use of the intermediate barrier 
layer of PAC in the two-layered configuration. However, the prepared composite 
photocatalysts were only active under UV irradiation. Considering the natural sunlight 
only containing the UV light at as low as 3 - 5%, but the visible light up to 45-50% 
(Han and Bai, 2009), it would be more cost-effective if the composite photocatalysts 
could be made active under both the UV and visible  light range (Singh et al., 2013). 
Most of the modiﬁcation studies have been carried out by doping TiO2 with precious 
metals, metal oxides, or inorganic components so as to reduce the band gap energy of 
the photocatalyst. Some of the successful modification method reported on P25 
nanoparticles involved metal doping by photo-induced reduction process (Chen et al., 
2013), dye sensation (Subash et al., 2013) and carbon and nitrogen doping at 
evaluated pressure (Janus and Morawski, 2007). Beside doping, the addition of 
conductive component, such as carbon nanotubes (CNT), fullerenes (C60) and 
graphene oxide (GO) was also the possible method for obtaining photocatalysts of 
visible light activity (Pastrana-Martínez et al., 2013).  
In this thesis, only phenol was used as the target pollutant in the photocatalytic 
degradation reaction. However, as already been proven, the adsorptivity of organic 
pollutants towards both TiO2 (Linsebigler et al., 1995) and activated carbon 
(Cheremisinoff and Ellerbusch, 1978) were found to be strongly pollutant dependent. 




experiments that the adsorption of methyl orange (MO) dye was comparatively better. 
The photocatalytic degradation of MO dye showed different level of synergism, 
depending on the P25 to PAC ratio. Although this difference may be partially 
attributed to the different photocatalytic degradability of MO dye and phenol, the 
differences in the adsorption and desorption strengths of MO dye and phenol to the 
composite buoyant photocatalysts may also play an important role in the reaction 
performance. According to the photocatalytic reaction steps mentioned in Chapter 2, 
the photoreactions are generally believed to occur on the surface of TiO2. Hence, the 
photocatalytic activity of the buoyant composite photocatalyst to certain organic 
pollutants may be improved through modifying the adsorptivity of the buoyant 
composite photocatalyst, leading to the possibility of enhancing the selectivity of the 
composite photocatalysts by surface modification. Possible routes to modify the 
surface adsorptivity include surface treatment such as acid surface treatment (Boehm, 
2002) and plasma surface treatment (Şahin et al., 2013).  
Last but not least, the recyclability of the prepared composite photocatalysts in 
Chapter 4 and 5 clearly revealed that the designed buoyant composite photocatalysts 
can be considered for large scale industrial wastewater applications. Hence, an 
efficient photocatalytic reactors design is required for large-scale usage as demanded 
by the industrial and commercial applications (Alfano and Cassano, 2009; Ray, 2009). 
The major issues in the development of a photocatalytic reactor, include the proper 
light distribution inside the reactor and realize high surface areas for the catalyst per 
unit volume of the reactor. The fixed-bed reactor system is a widely used reactor 
design in the heterogeneous photocatalysis systems. The fixed-bed reactor design 
offers much higher surface to volume ratio than the traditional immersion type of 




and Ray, 1999). However, in order to fulfill the ultimate purpose of the large-scale 
applications on photocatalytic treatment of industrial wastewater, in-depth studies on 
the reactor design are necessary. 
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